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Abstract
Metal oxides are a very important class of materials with a wide range of pho-
tovoltaic applications. Transparent conducting oxides (TCOs) are the primary
front contact materials used in thin film solar cells. Identification of methods for
reducing the resistivity of these materials would have significant benefits. De-
velopment of p-type TCOs would provide alternative back contact materials and
could enable further development of technologies such as bifacial, window and
multijunction cells. A series of studies into these areas is presented in this work.
Aluminium doped zinc oxide (AZO) is a well-known n-type TCO consisting en-
tirely of Earth-abundant materials. Targets were manufactured from AZO powder,
which was synthesised using a patented emulsion detonation process developed by
Innovnano S.A. All films showed good optical transmission. Resistivity was found
to decrease with both increasing time and temperature up to 300 ◦C. Tempera-
tures above 300 ◦C were found to be detrimental to film formation, with increasing
amounts of damage to the crystal structure and consequent increases in the resis-
tivity.
The effect of alloying molybdenum oxide with molybdenum nitride through reac-
tive sputtering in a mixed oxygen-nitrogen atmosphere was investigated. All alloys
were found to show p-type behaviour. Resistivity was found to improve with in-
creased nitrogen content, in contrast to optical transmission, which reduced. A
selection of compositions were deposited onto CdTe cells as back contacts. These
cells showed an increase in efficiency with increasing nitrogen content. Work func-
tion was found to increase with increasing oxygen content, but all work functions
were low. Resistivity was shown to correlate strongly with efficiency, caused by a
corresponding increase in cell voltage. This implies that to form an ohmic con-
tact on CdTe with p-type materials, work function may be less important than
resistivity.
The copper oxides are p-type, but uses are limited by the narrow band gaps.
Cupric oxide was chosen for investigation and for alloying with other oxides with
the aim of increasing the band gap. It was found that temperature and deposition
environment have significant impacts on sputtered cupric oxide (CuO) films, with
low temperatures and high oxygen environments producing the lowest resistivities.
Extrinsic sodium doping was found to reduce the resistivity by up to four orders
of magnitude. High oxygen content sodium-doped films were found to have carrier
concentrations two orders of magnitude higher than that of indium tin oxide.
Combined CuO-tin dioxide mixtures were identified as a new suite of highly mis-
matched alloys. The band gap was found to decrease with increasing copper con-
tent. Resistivity and average transmission showed little change up to a copper
content of 50 %. Further increases caused a dramatic reduction in both. The
resistivity decrease is caused by improved valence band hybridisation and a simul-
taneous increase in charge percolation pathways resulting from significant reduc-
tion in energetic disorder. A concurrent increase in the number of sub-gap states
resulting from unfilled copper d-states is the cause of the reduced transmission.
This sudden change is referred to as a compositional mobility edge.
Alloys of CuO and zinc oxide (ZnO) were found to show very different behaviour.
All films were crystalline, with zinc-rich films showing typical sputtered ZnO XRD
patterns. Increased copper content caused a change to a single CuO peak. Further
increases resulted in a second structural change. These changes were found to
cause a significant increase in both transmission and band gap. The second change
resulted in a dramatic increase in resistivity. This shows that crystal structure can
have a significant impact on film properties.
Reducing layer thickness reduced the resistivity of modulation doped films, with
layers of less than 5 nm thickness showing the best resistivities. Films with unequal
layer thicknesses were found to perform even better, with films made up of 2.5 nm
SnO2 and 10 nm CuO layers giving the best resistivities at 2.46 x 10
−2 Ω.cm.
This demonstrates that the technique provides a successful approach to reducing
resistivity.
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Chapter 1
Introduction
Since the industrial revolution, our thirst for energy has grown spectacularly, and
this growth shows little sign of slowing [1]. The primary source of energy for the
last two centuries or so has been fossil fuels, in the forms of coal, gas and oil [1, 2, 3].
These sources are both convenient, in that they are relatively easy to obtain and
process, and have an unusually high energy density [1]. However, they are not
without significant environmental costs in terms of extraction and processing, but
more particularly in that their use releases vast amounts of carbon dioxide (CO2)
at an unprecedented rate [1, 2, 4].
The Earth is in radiative dynamic equilibrium with the sun, meaning that the
incoming energy from the sun warms the planet, but most of this heat is subse-
quently re-emitted to space. This results in a relatively constant average surface
temperature [2]. Increasing the concentration of CO2 in the atmosphere alters
the balance of this equilibrium by reducing the heat flux from the planet to space
[1, 2]. CO2 has a high degree of absorption in parts of the mid and lower infrared
regions of the electromagnetic spectrum. Whilst this means that much of this
part of the spectrum is re-emitted to space before it can reach the Earth’s surface,
it also means that higher energy solar irradiation which has been absorbed and
re-emitted from the planet surface at these wavelengths is unable to escape from
the atmosphere and is reflected back to the planet [1, 2]. Excess CO2 in the atmo-
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sphere therefore causes gradual warming of the planetary environmental system
[1, 2]. Although on geological timescales the Earth goes through cyclical warming
and cooling related primarily to orbital variations (known as Milankovitch cycles),
the current warming is several orders of magnitude faster than and out of syn-
chronisation with these cycles [2, 5, 6]. It is now generally accepted within the
scientific community that this change is anthropogenic in origin and is largely a
result of increased atmospheric CO2 [1, 2].
To minimise further warming, we can either dramatically reduce our energy use,
or find alternative, non-CO2 emitting means of obtaining and using it [1]. As
the former would likely be highly unpopular and liable to cause major political
upheaval it is imperative that alternative energy sources be identified and used in
preference to fossil fuels [1]. Existing non-fossil sources include wind, hydro, tidal,
solar and nuclear power.
1.1 Energy from sunlight
Solar energy is ultimately the source of all the energy we use with the exceptions
of nuclear and geothermal generation. Even the energy stored in fossil fuels is
solar in origin, with coal consisting of compressed and carbonised plant matter
and oil being the result of anoxic decomposition of microscopic plant and animal
matter. Direct solar power is arguably the most elegant solution to replacing fossil
fuels. The sun provides around 174 PW of energy to the top of the atmosphere
(assuming a solar constant of 1.361 kW/m2) [2]. Whilst a significant proportion
is reflected and absorbed by the atmosphere, the annual amount of incoming solar
energy is still approximately 10,000 times more than humanity uses in an entire
year [7]. Assuming photovoltaic module efficiencies of 10 % (by current standards
a conservative estimate) the area needed to generate enough energy to satisfy our
current needs would be approximately 0.1 % of the planet’s surface [3, 8, 7].
To optimise the harvesting of sunlight, it is important to have a good understand-
ing of the breadth and variation of the solar spectrum. Prior to entering the
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atmosphere, the solar spectrum is a fairly typical black body radiation spectrum
[9]. Certain parts of the spectrum are absorbed by atmospheric gases including
water, ozone and CO2. This means that the spectrum at ground level is not the
same as that at the top of the atmosphere (Figure 1.1).
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Figure 1.1: Solar spectrum at the top of the atmosphere (AM0) and at ‘standard’
ground level (AM1.5)
Spectral attenuation is also caused by dust and smog, aerosols such as water
vapour, and by the thickness of the atmosphere that the light has to penetrate
before reaching ground level. This means that the spectrum received at a given
point varies depending on latitude, local environmental conditions and the times
of day and year [3, 10, 11]. This makes optimisation of energy harvesting and yield
prediction highly complex, with the result that most systems are optimised for the
standard Air Mass (AM) 1.5 spectrum [3, 11]. AM denotes the relative amount
of atmosphere that incoming light energy has to pass through before reaching
ground level (assumed to be mean sea level). Therefore the point in space and
time where the sun is positioned directly overhead (incoming light is normal to
the averaged ground surface) is designated AM1, and the extra-terrestrial solar
spectrum is AM0 [11]. AM1.5 is the solar spectrum when incoming solar radiation
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arrives at the surface at an angle of roughly 48.2◦ [3, 11]. As most of the global
population lives in the temperate zones, this gives a reasonable approximation to
the spectrum photovoltaic installations will receive in the areas where they are
most likely to be installed [3, 11].
1.2 Photovoltaics and photovoltaic devices
Photovoltaic (PV) cells are solid-state semiconductor devices which absorb photons
and use the energy this provides to generate an electric current. At present most
PV cells are made from silicon. This is largely for historical reasons, not least
that silicon is the key semiconductor material used in the microchip and computer
component industries [3, 12]. For many years, many solar cell manufacturers used
off-cuts of silicon from the computing industry as source material [3, 12]. Because
of this, and because they can be made to be reasonably efficient, silicon cells were
developed to a greater degree and rather earlier than most other cell types [3, 12].
Recently, with increasing awareness of climate change and the need to find sensible
technological solutions, solar (along with other renewables) has been identified as
an important technology for long term energy security [1]. Despite recent advances
making PV more cost effective, the cost of electricity from PV installations is still
largely equivalent to or greater than that from more traditional fossil fuel sources
[1, 3, 13]. PV is nonetheless beginning to have a significant impact on electricity
generation, with worldwide installed capacity now exceeding 96 GW [4]. The
majority of this is within the EU, particularly Germany and Italy [4]. It is by
some way the fastest growing renewable energy source within the EU, with energy
generated using PV increasing by some three orders of magnitude between 1997
and 2011. The next best for the same period was wind energy, at around 20 times
[4].
Despite the impressive reductions in manufacturing costs that have been achieved
recently, silicon cells are still relatively expensive [12]. A major reason for this is
that whilst common, reduction of silica (the primary source of silicon) requires a
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large amount of energy [13]. One possible route to the realisation of cheap solar
cells is to use materials that require much less energy input. Silicon cells also
have to be reasonably thick in order to absorb the maximum number of photons.
This is a result of its having an indirect bandgap [3]. By using materials with a
direct bandgap, much thinner cells can be produced, saving on materials costs.
Cell types that fit these requirements and have demonstrated sufficiently high
efficiencies include cadmium telluride (CdTe), copper-indium-gallium chalcogenide
(CIGS) materials and more recently organic-inorganic perovskites [3, 14, 15].
At present, the most common form of PV cell is the p-n junction [3]. A p-n
junction is formed from two semiconductors, one n-type and the other p-type [3].
P-type materials are made or altered so that they contain a significant level of
electron holes, or locations where an electron is missing. In silicon this is done by
doping the crystal with a small amount of a group three element such as aluminium
[3, 16]. N-type materials are similarly made to contain an excess of electrons. In
silicon this is done by doping with group five elements such as phosphorus [3, 16].
Doping a semiconductor in this way changes the average electron energy (known
as the Fermi level). N-type doping brings the Fermi level closer to the conduction
band, whereas p-type doping brings it closer to the valence band [3, 16]. A p-
n junction is formed when two semiconductors, one of each type, are brought
into intimate contact [3]. This results in a thermodynamically unstable situation
as the average electron energy levels of each semiconductor are different. This
causes electrons from the n-type material and holes from the p-type material flow
in opposite directions across the newly-formed junction, with the result that the
n-type material near the junction gains a slight positive charge and the p-type
material a slight negative charge. Once the Fermi level is equal on both sides of
the junction, the flow of charge carriers ceases. The two charged regions around
the junction are collectively known as the depletion or space charge region [3, 16]
(Figure 1.2). Photocurrent generation within a solar cell typically occurs within
this region.
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Figure 1.2: Diagrammatic representation of a p-n junction (a) and the typical
junction band structure, assuming the device is a homojunction (b)
Silicon photovoltaic cells are manufactured in large quantities, and have reached a
laboratory efficiency of around 25.6 % [17] (for a cell with a heterojunction P-I-N
structure). This is relatively close to the theoretical maximum of 33 % for a single
junction cell [9, 12]. Competing thin-film devices are increasingly being reported
with similarly high efficiencies. CdTe cells have recently been reported with effi-
ciencies of 21 %, CIGS with efficiencies of 20.5 % and perovskites with efficiencies
of 20.1 % [17]. The perovskite measurement is not considered acceptable as a
world record however as the cell area was less than 1 cm2 [17].
1.2.1 Electrical contacts
An important aspect of any PV device is the quality of the electrical contacts.
Typically the back contact is a metal or metallic material. However the front con-
tact has to be both electrically conductive and transparent to visible light. This is
problematic as most electrically conductive materials are opaque [18]. Fortunately
there are several transparent conductive materials which are suitable for use in PV
devices. Most of these are heavily doped metal oxides [18], but other materials
include very thin metal layers and metal nanoparticle films [8], graphene, carbon
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nanotube films and conductive polymers [19, 20].
Doped metal oxides
Doped metal oxides (transparent conductive oxides, or TCOs) are the most com-
monly used transparent conductors, and are arguably the most studied [8]. They
are wide-bandgap semiconductors, mostly ’n’ type, which when doped to a suffi-
ciently high degree begin to show metal-like conductive behaviour. In this state
they are referred to as being ’degenerate’, meaning that the Fermi level, or av-
erage charge carrier energy, is either above the conduction band (in the case of
electrons) or below the valence band (in the case of electron holes) [21]. They
are easily produced, and common techniques such as chemical vapour deposition
(CVD), magnetron sputtering and chemical bath deposition (CBD) are regularly
employed [8, 21]. The major concerns surrounding the metal oxide conductors
are their relative brittleness and lack of flexibility, their inherent trade-off between
transparency and conductivity [22] and in a few cases cost, rarity and environmen-
tal issues associated with obtaining the raw materials [21]. Despite these concerns
doped metal oxides are still the dominant type of transparent conductor, largely
because of their good electrical properties, ease of formation and deposition and
their chemical and thermal stability [21].
Brittleness is an important concern largely because it limits the type of substrate
that can be used to grow the PV cells on as well as reducing the potential uses
for any cell or cell type that is reliant on doped metal oxide conductors [22]. For
most current applications, flexibility is not essential, meaning that doped metal
oxides are and will continue to be valuable transparent conductors [21]. The trade-
off between conductivity and transparency is a greater concern given that these
materials are typically used as the front or ’window’ contact, and so are required
to let light through. In general terms, increasing film thickness reduces the sheet
resistance, but also reduces the optical transparency [22].
The vast majority of metal oxide semiconductors are n-type [23]. The few p-type
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oxides that do exist typically have a very low mobility [24]. This is a result of
the typical band structure of metal oxides. For most of these materials, the con-
duction band is formed from metal cation electron states, with the precise energy
state depending on the cation [23]. The valence band is normally made up of
oxygen 2p states [23, 24]. Because oxygen has a very high electronegativity, and
because the energy level of the 2p state is significantly lower than that of most
outer subshell cation states, any electron holes are trapped or localised against
individual oxygen atoms [21, 23, 24, 25]. This means that for most oxide semicon-
ductors, holes have a high effective mass and hence low mobility [18, 24]. Because
the metal cations whose electron states typically form the conduction band tend
to be much less electronegative, electrons usually have a much lower effective mass
and hence significantly higher mobility [24]. This explains why most metal oxides
show n-type behaviour. In order for a p-type metal oxide to display a reason-
able degree of electrical conductivity there has to be something to counteract the
localising effect of the oxygen anions. A few metal cations have an electron con-
figuration that enables them to form a valence band slightly above that of the
oxygen 2p states. This is due to bond hybridisation resulting from the oxygen 2p
and metal nd energy states overlapping [18, 23, 24]. This increases hole disper-
sion, decreasing the effective mass and consequently increasing the hole mobility
and overall conductivity [21, 25, 26, 27]. Although these materials typically show
p-type behaviour, the mobility is normally still very low [24]. Cations that have
this effect include Cu+, Cu2+ and Sn2+ [24]. It is important to note that Sn4+
does not show this effect [24]. Initial attempts to synthesise p-type TCOs involved
studying a suite of minerals with the delafossite crystal structure [18, 23, 28]. This
has the general formula ABO, where A is a monovalent ion (typically copper) and
B is a di- or trivalent ion [23]. The first wide-gap oxide found to demonstrate
p-type behaviour was CuAlO2 [28]. However the lowest resistivities achieved are
still around three orders of magnitude higher than that of the better n-type oxides
[25, 26, 27, 29].
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Back metallic contact
Although theoretically less demanding than the front electrical contact, the PV
cell back contact can still cause significant issues. Many potential photoabsorber
materials have energy band alignment problems with many metals, which makes
forming an ohmic contact to the back of the cell challenging [30]. The classic
example of this is CdTe. A large number of attempts have been made to overcome
this issue. Many researchers have used gold or gold alloyed with copper (eg, [30]),
but due to the cost of gold it is unlikely that this will be economically viable
on a large scale. Other attempts include altering the charge-carrier density of
the CdTe semiconductor through etching or doping [31] or alloying a range of
metals and metal-like substances with copper (something that helps in the short
term, but ultimately poisons the cell through copper diffusion to the front contact
[31]); coating the CdTe with a layer of another semiconductor [32]; and varying the
physical properties of the CdTe surface through the adsorption of organic chemicals
[33]. So far, whilst there have been improvements, none of these attempts have
conclusively solved the problem.
An ohmic contact is a junction between a metal and a semiconductor across which
charge carriers are free to pass in either direction without any significant resistance
[16, 34]. A rectifying or Schottky contact is a metal-semiconductor junction in
which there is a significant barrier, allowing charge-carrier flow in one direction
but impeding it in the other [35].
In all metal-semiconductor junctions, an energy gap or barrier forms along the
interface. This barrier determines the junction’s ability to conduct charge-carriers
[34]. If the barrier is large enough, then charge-carriers are only able to move
across it readily in one direction. Alternatively, if it is low, then they can move in
either direction and the contact is ohmic [16, 34].
At a metal-semiconductor interface, in order to achieve thermal equilibrium the
Fermi level across the junction must be equal [16, 34]. In most such junctions, the
Fermi level of the two constituent materials is different. Assuming that the work
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function of the metal is not the same as that of the semiconductor, this causes
a transfer of charge carriers across the junction, altering the Fermi level of the
semiconductor to that of the metal [34]. This in turn generates a charged layer in
both materials (although in the metal this is more of a surface than a layer [34]).
When the Fermi levels match, equilibrium is reached and the movement of charge
carriers largely ceases [16, 34].
The charge-carrier type depends on the semiconductor. For p-type semiconductors,
the charge-carriers are holes, and for n-type semiconductors they are electrons
[34]. In a photovoltaic cell, it is important for the contacts to be able to conduct
electrons out of the cell at the metal/n-type semiconductor junction and to conduct
holes out of the cell at the metal/p-type semiconductor junction [16, 34]. At the
point of equilibrium as described above, in a p-type semiconductor/metal junction
the charged zone in the metal is p-type and in the semiconductor (where it is known
as a depletion zone) it is n-type. Below a certain energy level, this prevents the
flow of electrons from the metal into the semiconductor. This energy threshold is
known as the Schottky barrier [16, 34]. For n-type semiconductor/metal junctions
this is reversed. The barrier ’height’ (the energy required to overcome it) can be
calculated if the work function of the metal and the bandgap and electron affinity
of the semiconductor are known [16, 34].
The definition of Schottky barrier height is the difference between the Fermi level
and the majority carrier band [35]. For an n-type semiconductor, the barrier height
is equal to the difference between the metal’s work function and the semiconduc-
tor’s electron affinity [16, 34]. For a p-type semiconductor the barrier height is
equal to the semiconductor’s bandgap minus the difference between the metal’s
work function and the semiconductor’s electron affinity [34]. The reason the cal-
culation is different for the two types of semiconductor is that for p-type semi-
conductors the charge carriers are located in the valence band, whereas for n-type
semiconductors they are located in the conduction band [35] There are two pos-
sible ways to form an ohmic contact. Doping the semiconductor sufficiently to
ensure a high level of impurities can cause the junction to act as an ohmic contact.
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Increasing the charge-carrier concentration causes the Fermi level to change. De-
generacy is reached when the Fermi level touches the conduction or valence band
edge (depending on charge-carrier type). This hugely narrows the width of the
barrier, allowing charge-carrier flow through quantum tunnelling [16, 34, 35]. The
alternative is to match the metal and semiconductor such that the barrier is so
small as to be insignificant [16]. For an n-type semiconductor, the metal must
have a work function that is the same as or lower than the semiconductor’s elec-
tron affinity. This is relatively straightforward. For a p-type semiconductor the
metal must have a work function equal to or higher than the sum of the semicon-
ductor’s bandgap and its electron affinity. This is significantly harder to achieve,
particularly if either the bandgap or the electron affinity are large (eg, [31]).
The cause of the problem as regards CdTe is that it is both ’p’ type and has a
relatively high electron affinity [31, 36]. CdTe has a bandgap of 1.45 eV and an
electron affinity of 4.5 eV [36]. Unfortunately there are few metals, and no common
metals, that have a work function greater than 5.95 eV [31].
1.3 Sputter coating
There are a wide variety of techniques available for the deposition of thin film
materials. In general these can be separated into two groups: vacuum techniques
and non-vacuum or atmospheric techniques. Vacuum techniques include closed
space sublimation, evaporation and physical vapour deposition including both
magnetron sputtering and pulsed laser ablation. Atmospheric techniques include
electrospray, spray pyrolysis, screen printing, spin coating, dip coating and doctor
blading [3, 37, 38]. Atmospheric techniques are usually cheaper and often faster,
but also tend to produce lower quality films. The primary deposition technique
used in this work was sputtering.
Sputtering uses an argon plasma to strip material from a bulk target such that
it is deposited in a film on a substrate [39]. A voltage is applied between the
target (cathode) and a cap electrode (anode). Argon ions generated in a glow
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discharge plasma are accelerated towards the target by the high potential differ-
ence [39]. These then collide with the target, ejecting material in a cone away
from the target surface. This material deposits on anything in its path as a film
[39]. The ion impacts also cause the target to emit secondary electrons. A mag-
netic field produced by a set of magnets positioned behind the target constrains
these electrons in the vicinity of the target surface, increasing the probability of
(argon) atom-electron collisions, which in turn results in further argon ionisation
[39, 40]. This increases the density of the plasma around the target, which in turn
increases the sputter rate through increased ion-target collisions [39, 40]. Electron-
ion recombination also occurs in this region, with the associated photon emission.
This results in the characteristic purple glow seen in argon plasmas. Figure 1.3
shows a diagrammatic representation of the sputtering process. Films deposited
by sputtering are typically smooth and very uniform.
Figure 1.3: Diagrammatic representation of sputter deposition. Argon gas is fed
into the space between the target and the cap electrode. A voltage is applied which
causes ionisation of the argon gas. The argon ions are accelerated into the target,
and the resulting high-energy collisions cause material to be ejected away from the
target and towards the substrate, where film growth occurs. These collisions also
result in the emission of secondary electrons, which are constrained to the area
near the target surface by the magnets positioned behind the target
Sputtering is carried out using one of three types of applied power: radio frequency
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(RF), direct current (DC) or pulsed DC (PDC). DC is the simplest, in that a
straight DC voltage is applied between the target and cap electrode. However for
more resistive materials, this can result in a charge build-up on the target and
loss of plasma. This can be avoided using either RF or PDC. RF applies a radio
frequency sine wave voltage [41], meaning that for half of the cycle deposition takes
place as normal. For the second half of the cycle the voltage is reversed, which
dissipates the charge on the target. The disadvantage is that the deposition rate
is significantly slower. PDC power was invented as a means for combining the
high deposition rates found with DC power with the charge dissipation seen with
RF power[42]. An applied DC voltage is periodically flipped with a predetermined
frequency. The length of time at which the voltage is held in reverse, known as
the reverse time, is also controlled [42]. For more resistive materials, a longer
reverse time and increased frequency are used; however this also tends to result in
a decreased deposition rate.
Sputtering is highly versatile deposition technique, and can be used with a very
wide range of materials [39, 40]. Furthermore, new materials and alloys can be
created by sputtering from two or more targets at the same time, and by the
inclusion of selected reactive gases such as oxygen in the deposition environment.
It does however have various limitations. Few organic materials can be sputtered
because the relatively high energy involved and the high UV content of the light
emitted by the plasma tend to cause decomposition of most organics. It also
requires a relatively high vacuum, because higher pressures result in increased
collisions between the material particles ejected from the target and any excess
atoms present in the chamber. This reduces the amount of material reaching the
substrate, and hence the deposition rate [39].
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Characterisation of Thin Films
The materials discussed in this thesis were characterised using a wide selection
of standardised techniques. These techniques can be divided into three groups:
optical, electrical and structural. Optical characterisation involved measurement
of transmission, reflection and absorption using a spectrophotometer, ellipsometry,
coherence correlation interferometry (CCI) and examination of the film using a
light microscope equipped with an analyser filter. Transmission and reflection
were used to estimate the material’s optical band gap. Electrical characterisation
involved measurement of sheet resistance as well as resistivity, mobility and carrier
concentration. Some work function measurements were also carried out using
ultraviolet photoelectron spectroscopy (UPS). Structural characterisation included
measuring crystallinity and crystal structure using X-ray diffraction (XRD), use of
scanning and transmission electron microscopes (SEM and TEM respectively) for
detailed surface and cross-section analysis and X-ray photoelectron spectroscopy
(XPS) for elemental and chemical compositional analysis and some indication of
ion types and bond structures.
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2.1 Optical Characterisation
2.1.1 Spectrophotometry
Spectrophotometry allows for the measurement of film transmission and reflec-
tion spectra [43]. These can then be used to calculate the absorption spectrum.
Samples are measured across a specified range of wavelengths from the infrared
(IR) through to the ultraviolet (UV) [18, 43]. Spectrophotometers use an array of
prisms, filters and refraction gratings to split the light from the source bulb into
its constituent parts [44]. For thin film analysis, an integrating sphere is used.
This is a hollow sphere coated in a material which strongly reflects and diffuses
light, which enables the formation of a uniform measurement beam. [43, 45]. An
opening allows light to escape into the detector. This is covered by the sample
when measuring transmission. If reflection is to be measured then the sample is
placed over a second opening directly opposite. Prior to sample measurement,
light intensity is measured at each wavelength within the desired spectrum. The
sample beam is blocked, and a second spectrum is taken. These two spectra are
used as the 100 % and 0 % baselines against which sample spectra are compared.
Sample spectra are provided as a percentage of the baseline. Spectral ranges used
in this work are from 200 nm at the UV end to between 1400 and 2000 nm at the
IR end, depending on the sample (Fig 2.1).
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Figure 2.1: Typical 100 % and 0 % transmission baseline curves
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Band gap calculations
Transmission spectra can be used, either on their own or in conjunction with
reflection spectra, to estimate the film band gap. This is a technique discovered
by the physicist Jan Tauc [46]. Tauc showed that transmission and reflection
spectra can be used to calculate the material absorption coefficient, α, for each
wavelength measured. Plotting (αhv)2 (for direct gap materials) or (αhv)0.5 (for
indirect gap materials) against wavelength photon energy gives a graph which
shows the absorption edge as a roughly linear drop (Fig. 2.2). Extrapolating this
line to the x axis gives an estimate of the band gap [46].
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Figure 2.2: Graph showing the linear drop caused by the absorption edge for
intrinsic zinc oxide. The band gap is estimated by extrapolating this line to the x
axis
The absorption coefficient is extracted from the transmission and reflection spectra
using Equation (2.1) [46]:
α = −ln( lx
1−R)/d (2.1)
Where lx is the normalised transmittance for a given photon energy, R is the
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normalised reflectance for the given photon energy and d is the film thickness.
If it is just the band gap that is required then reflection can be safely ignored. The
absorption coefficient can be calculated using Equation (2.2):
α(T ) = −ln(lxT )/d (2.2)
Where lxT is the sample transmittance for a given photon energy normalised using
the highest measured value and d is the film thickness. Any change in the band
gap estimate that this causes is negligible, and fewer measurements are necessary
(Fig. 2.3).
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Figure 2.3: The apparent change in the absorption edge and hence position of
the band gap when taking film reflection into account as compared to ignoring
reflection
2.1.2 Ellipsometry
Ellipsometry can be used to measure a wide range of different material properties
including refractive index (n) and extinction coefficient (K), thickness, roughness,
crystallinity, and various electrical properties [47, 48]. In the work presented here
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it was used primarily to find material refractive indices and extinction coefficients.
A spectroscopic ellipsometer measures the change in polarisation of a beam of
polarised light caused by reflection from a sample [47, 48]. This is achieved by
measuring the complex reflectance and using this to calculate the amplitude ra-
tio and difference in phase between two perpendicular polarisation planes using
Equation (2.3) [47, 48]:
ρ = tanΨei∆ (2.3)
Where Ψ is the amplitude ratio and ∆ is the phase difference. This is done for
each light wavelength across the desired spectrum. A spectroscopic ellipsometer
shines a beam of light onto the sample being measured at a predetermined angle.
A polarising filter between the light source and the sample stage causes this beam
to be elliptically polarised. A second polarising filter, known as an analyser filter,
is used to selectively block all unwanted (eg ambient) light, preventing it from
reaching the detector. The filtered light beam is guided into a monochromator
and then into the detector (Figure 2.4).
Figure 2.4: Diagram of the setup of a spectroscopic ellipsometer
The degree to which a sample changes the polarisation of the beam, and which
wavelengths are most affected, are recorded by the detector [47, 48]. The sample
structure is modelled, and the data are fitted against this model [47, 48]. There
are several specific film properties which can have an impact on the data, including
surface roughness and material thickness, which it is important to model prior to
data analysis. In order to obtain accurate values for the various parameters being
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measured, it is often necessary to refine the model so as to obtain the best fit
[47, 48]. The accuracy of fit of a given model to the experimental data is typically
assessed using the χ2 value. A χ2 value of less than 10 is considered reasonable
[47, 48].
2.1.3 Light microscope
A light microscope allows for characterisation of films up to a maximum magnifi-
cation of around 1500 times. Whilst it is possible to increase magnification beyond
this point, there is no reason to do so because further increases in magnification do
not provide increases in resolution. This is because features smaller than approx-
imately half the wavelength of the light used for imaging do not interact directly
with the light, hence are not visible [49]. The maximum resolution attainable using
a light microscope is governed by Abbe’s law (Equation (2.4) [49, 50]:
d = 0.8λ/sinα (2.4)
Where d is the minimum distance between two objects at which they can be recog-
nised as separate entities, λ is the wavelength of the incident light and α is the
objective lens aperture angle. Higher resolutions require the use of electron micro-
scopes, as the effective wavelength of the electron beam is extremely small, being
on the order of a few nanometres or less [50]. Light microscopes allow for identi-
fication of changes in film properties across a relatively wide area. This includes
optical properties such as transmission as well as some structural properties such
as large scale delamination and stress effects. When used in conjunction with other
techniques, changes in crystal type and orientation can be identified [51, 52]. Light
from the source is directed through a linear (plane) polarising filter and then passed
through the sample and into the eyepiece. A second linear polarising filter set at
right-angles to the first, known as the analyser, can be placed between the sample
and the eyepiece [51]. Viewing the sample with the analyser in place (known as
‘crossed polars’) shows the material birefringence colours. These can be used to
help in determining the material type and crystal structure, although ideally for
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this the film would need to be a specific thickness and with large enough crystals
to be seen easily [51]. However, birefringence colours also change in response to
material stress. This means that areas of change in stress can be identified in
otherwise uniform films, and the limits on the impact of edge defects can be seen
(Fig. 2.5).
Figure 2.5: Sample edge (a) and stress (b) effects seen under cross–polarised light
as changes in birefringence colours. Copper-tin mixed oxide at 5X magnification
(a) and 50X magnification (b)
2.1.4 Coherence Correlation Interferometry
A coherence correlation interferometer (CCI) or coherence scanning interferometer
is a type of white light scanning interferometer which is designed to get around the
resolution limitations of ordinary light microscopes resulting from the relatively
long wavelength of visible light [53]. This is achieved by measuring changes in
interference fringe frequency [53]. This allows for identification and measurement
of very small vertical variations in surface topography which would otherwise only
be visible using electron or atomic force microscopes. The CCI can produce images
of a sample surface with vertical resolution of a nanometre or less. This enables
highly accurate measurement of surface roughness as well as imaging of features
such as pinholes or etched patterns [53].
The CCI works by splitting a beam of incoherent white light from a single source.
One half, known as the reference beam, is reflected into the detector using a highly
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polished mirror. The other half, known as the object beam, is reflected off the
sample surface and then into the detector [53] (Figure 2.6). The relative strengths
of the resulting interference fringes are used to infer the surface topography.
Figure 2.6: Diagrammatic representation of a CCI setup
2.2 Electrical Characterisation
2.2.1 Four-point probe
The four point probe, or four terminal sensing device, is used to measure the sheet
resistance of a thin film. Sheet resistance is given in units of Ω/sq [18]. This
technique assumes that a film has negligible thickness, is laterally homogeneous
and is infinite in the XZ plane. The device consists of four evenly spaced probes
arrayed in a linear configuration. An electric current is applied across the outer
two probes, and the voltage drop is measured across the two inner probes (Fig.
2.7) [18].
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Figure 2.7: Diagram of four point probe setup. The probes are evenly spaced at
distance Dp, typically around 0.5 to 1 mm apart. I is the applied current, and V
is the measured voltage drop
The sheet resistance is obtained using Equation (2.5) [18]:
ρs =
pi
ln2
V
I
(2.5)
Where V is the measured voltage drop, and I is the applied current. pi/ln2 is
equal to 4.53236, which means that if a current of this value in mA is applied then
the output measured in mV is equal to the sheet resistance [18]. Multiplying the
sheet resistance by the film thickness in centimetres gives the resistivity [18]. This
can be compared with the value obtained from Hall mobility measurements as a
method of cross-verification for both techniques.
2.2.2 Hall mobility
The van der Pauw Hall mobility technique measures the resistivity of the material
and the charge carrier concentration. These are used to calculate the mobility [18].
A 1 cm2 sample of the material to be measured has electrical contacts placed on the
edge at each corner and a series of current-voltage measurements are conducted. To
measure resistivity, a predetermined direct current is applied between two adjacent
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contacts. The pair of contacts opposite are used to measure the voltage drop.
The measurement is repeated using the next pair of adjacent contacts and so on
until all four possible configurations have been measured. The measurements are
then repeated with reversed polarity [18]. The resistance for each measurement is
calculated using Equation (2.6) [18]:
R = V/I (2.6)
Where V is the measured voltage drop and I is the applied current. Two average
values, Ra and Rb are obtained by adding the two values for each pair of contacts to
those from the pair opposite and dividing the total by four. The sheet resistance
can then be found by using these numbers to solve the van der Pauw equation
(Equation (2.7) [18]):
e−piRa/Rs + e−piRb/Rs = 1 (2.7)
This is then converted to resistivity by multiplying the result with the thickness
of the film in centimetres.
In order to measure the carrier concentration, the sample is placed in a perpendic-
ular magnetic field of known value and a predetermined direct current is passed
between one set of diagonally facing contacts. The voltage between the second set
of diagonally facing contacts is then measured [18]. Figure 2.8 is a diagrammatic
representation of the setup used for the measurements presented in this work.
The technique works by measuring the voltage induced by carrier deflection, which
is caused by the Lorentz force resulting from the interaction of the external mag-
netic field with the applied electric current. This is known as the Hall voltage [18].
The Hall voltage is given by Equation (2.8) [18]:
VH = IH/eNd (2.8)
Where H is the magnetic field, I is the applied current, N is the film carrier
density, d is the film thickness and e is the elementary charge. Measuring the Hall
voltage therefore enables the calculation of the film carrier density, which can be
converted into the bulk carrier concentration by dividing the result by the sample
thickness [18].
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Figure 2.8: Diagram of Hall mobility system. The magnetic field, H, is applied
perpendicular to the plane in which the current (I) is applied and the voltage (VH)
measurement is made
Once the resistivity and carrier concentration are known, the mobility can be
calculated using Equation (2.9) [18]:
µ = 1/(eNTρ) (2.9)
Where NT is the material bulk carrier concentration (carriers/cm
3) and ρ is the
resistivity.
2.2.3 Ultraviolet photoelectron spectroscopy
Ultraviolet photoelectron spectroscopy (UPS) exploits the photoelectric effect by
using high-frequency light to cause the sample under investigation to emit elec-
trons. These electrons are directed into a detector, and their kinetic energies are
measured. The energy required to eject a given electron (the binding energy) can
be calculated by subtracting the electron’s kinetic energy and the work function
energy of the detector from the energy value of the photon used to eject the elec-
tron. UPS is particularly useful for probing the valence band, and is used for
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determining the band gap, valence band shape and material surface work func-
tion [54]. The work function of the material surface is obtained using Equation
(2.10):
Φ = hv − (EF − Ecutoff ) (2.10)
Where hv is the photon energy, EF is the material Fermi energy and Ecutoff is the
secondary electron cutoff energy. If the Fermi energies of the spectrometer and
the sample are matched, then the work function can be calculated by subtracting
the energy of the secondary cutoff from the photon energy (Figure 2.9).
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Figure 2.9: UPS spectrum of a Mo(O,N) mixed material sample showing the
secondary electron cutoff. The Fermi energies of the spectrometer and sample
were matched, making the relative Fermi energy of the sample equal to zero. In
this instance, an He I photon source was used, with a photon energy of 21.22 eV.
The sample has a work function of 4.49 eV
2.3 Structural Characterisation
2.3.1 X-ray diffraction
X-rays are diffracted by crystalline materials in much the same way as visible light
[55]. The specific crystal structure and lattice spacing determines the nature of the
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observed diffraction pattern. This means that a material’s crystal structure, and
to some extent composition, can be determined from an X-ray diffraction pattern
by applying Bragg’s law (Equation (2.11)) [55]:
nλ = 2dsinΘ (2.11)
Where λ is the incident X-ray wavelength, d is the distance between atomic layers
in the crystal lattice, and Θ is the diffraction angle. In practice it is usually
both quicker and easier to compare the obtained pattern to those obtained from a
crystallography database. The standard database, and the one used in this work,
is provided by the International Centre for Diffraction Data.
An X-ray diffractometer subjects a sample to a beam of X-ray radiation, and a
detector records the intensity of the refracted beam across a predetermined range
of 2Θ angles. The sample is usually rotated during measurement. The first crystal
plane the beam intersects transmits part of the beam and reflects a second part.
The next lattice layer down does the same, and so on. If the X-rays from different
crystal lattice layers are in phase, they interfere constructively, which the detector
registers as a peak. If they are out of phase they interfere destructively, and
nothing is recorded above the background level (Fig. 2.10) [55, 56, 57].
Figure 2.10: Diagram showing X-ray diffraction from a sample. If the phase of the
reflected X-rays is the same, then they constructively interfere, producing a peak.
If they are phase-shifted then they will destructively interfere, and no peak will be
produced
26
CHAPTER 2. CHARACTERISATION OF THIN FILMS
XRD data are usually expressed as 2Θ angles because the angle of incidence of the
X-ray beam relative to the crystal lattice plane and the angle between this plane
and the reflected beam are the same. Therefore the measured value is twice the
diffraction angle [56, 57].
2.3.2 Scanning and transmission electron microscopes
A scanning electron microscope (SEM) is a device which enables detailed imaging
of very small surface structures down to sizes of around 10 nm or less [58, 59], and
allows for general film surface characterisation. It can be used to give a qualitative
indication of film surface roughness, film quality and the degree of crystallinity.
It is used to give surface images at magnifications significantly higher than that
possible with conventional light microscopes [58, 59]. Figure 2.11 shows typical
SEM photomicrographs produced at magnifications of 30,000 times and 100,000
times.
Figure 2.11: SEM photomicrographs of a cupric oxide film at 30,000 times (a) and
100,000 times (b)
In a standard SEM an electron emitter or gun is induced to provide a constant
stream of electrons. This is organised into a beam using electrostatic lenses, and
focused onto the sample in much the same way a beam of light is focussed onto a
sample in a light microscope [58, 59]. Images are formed by collecting secondary
electrons (electrons ejected from the sample through collisions with higher energy
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beam electrons) or backscattered electrons (beam electrons reflected from atomic
nuclei within the sample) and focussing them onto a detector, often through an
amplifier. Backscattered electrons can also be used to provide some indication of
crystal structure through analysis of their diffraction patterns. In modern micro-
scopes the detector is typically a CMOS device, but in older machines cathode ray
tube displays were used [58, 59, 60].
The transmission electron microscope (TEM) is similar to the SEM, except that
rather than recording the reflected electron beam it records the transmitted beam
[59]. Consequently, samples have to be significantly thinner than for SEM, on the
order of 200 nm or so (eg, [61]). Figure 2.12 shows a typical TEM photomicro-
graph.
Figure 2.12: TEM cross-section photomicrograph of aluminium doped zinc oxide
at magnification
TEM is typically used to produce high magnification cross-section images, giving
a good indication of the degree of crystallinity, the degree to which crystals extend
through the film, and a qualitative indication of crystal quality. TEMs often
have higher magnification than other electron microscopes, with some even able
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to image material on an atomic scale [61].
2.3.3 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a technique used for analysing the el-
emental composition of a material’s surface [62]. It can also provide information
regarding the charge of ions within the material, and so can be useful in deter-
mining the material’s physical structure [62]. The technique involves illuminating
a small area of a sample with X-rays. This causes emission of electrons as a result
of the photoelectric effect. These electrons are directed into a detector and their
kinetic energies are measured. As the initial X-ray photon energy is known, it
is possible to calculate the binding energy of each electron using Equation (2.12)
[62, 63, 64]:
Ebinding = Ephoton − (Ekinetic + φ) (2.12)
Where φ is the work function of the detector. Emission peaks are found at energy
levels corresponding to the electron shell and subshell energies found within the
atomic structure of the material. Figure 2.13 shows a typical XPS spectrum, in
this instance for sputtered zinc oxide. Peak indexing was completed using the
online NIST XPS database [65].
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Figure 2.13: XPS spectrum of a ZnO thin film
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Variations in ionic charge in any given element cause alterations in the position of
some of these peaks. Peak shifting is also caused by shared electrons in covalent
bonds. The resulting curve can be analysed by comparing it with existing data,
but is most commonly analysed using peak-fitting software [62]. This identifies
the elements, ions and molecular bonds most likely to have caused any given peak
or series of peaks, and based on full width half maximum values for these peaks,
calculates the percentage of each element present [62].
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Aluminium-Doped Zinc Oxide
Transparent conducting oxides (TCOs) are an unusual class of material with a
wide range of uses. These include electronic screens and displays including touch-
screen panels through to electrochromic windows, light-emitting diodes (LEDs)
and solar cells [66, 67]. They are easily produced, and techniques such as chem-
ical vapour deposition, magnetron sputtering and spray pyrolysis are regularly
employed [18, 21]. The major concerns surrounding the metal oxide conductors
are their brittleness and lack of flexibility, their inherent trade-off between trans-
parency and conductivity [18, 22] and in a few cases cost, rarity and environmental
issues associated with obtaining the raw materials [18, 21]. Despite these concerns,
doped metal oxides are still the dominant type of transparent conductor, largely
because of their good electrical properties, ease of formation and deposition and
their relatively good chemical and thermal stability [68]. At present the most com-
monly used TCO is tin-doped indium oxide (indium tin oxide, or ITO) [66], but
due to concerns over supply and cost of indium there has recently been an increas-
ing interest in alternatives [69]. Aluminium-doped zinc oxide (AZO) is another
commonly used TCO and is a cheaper alternative to ITO [69, 70]. In order to
compete with ITO, alternatives must have as good or better electrical and optical
properties. This means an average visible light (400 – 800 nm) transmission of
around 80 %, and sheet resistances of 20 Ω/sq or less [71]. The best quality ITO
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films are usually deposited at elevated temperatures, which can cause serious prob-
lems for any temperature-sensitive technology such as organic solar cells and LEDs
[71]. Materials that can achieve similar transmission and sheet resistance values at
lower deposition temperatures are therefore of significant interest. The electrical
and optical properties of sputtered thin films depend not only on the deposition
parameters but also on the characteristics of the sputter target. In particular,
grain size, density, oxygen content and homogeneity play an important role in the
determination of target quality [72, 73, 74, 75, 76]. Innovonano S.A. has developed
a patented nanoparticle-based route for the synthesis of AZO powders [77]. The
use of a pre-doped powder for target synthesis ensures a more consistent degree
of homogeneity, with films having the same properties regardless of the extent of
target depletion [73]. The emulsion detonation process developed by Innovnano
S.A. also enables close control and simple alteration of the doping concentration,
allowing for the facile production of sputter targets with both standard and cus-
tom doping levels [73]. The following is a description and analysis of the material
synthesis technique and characterisation of films sputtered from targets formed
using this material.
3.1 Experimental Details
3.1.1 Powder synthesis and target preparation
A pyrolysis production method was used to synthesize AZO nanostructured powder
containing 0.5 wt. % Al dopant [77]. Nanoparticulate powder was synthesised
by detonation of an emulsion containing metallic Zn and Al precursors in the
same concentrations as the desired material composition (Fig. 3.1). This method
combines high pressures (>1000 MPa), high temperatures (500 – 3000 ◦C) and
ultrafast quenching (108 ◦C/s to 109 ◦C/s). Powder crystal size is determined by
the precise conditions used. The resulting material shows a structure composed
of both individual and agglomerated nanoparticles (Fig. 3.2). Subsequent to
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Figure 3.1: Diagram of the nanoparticle synthesis process (courtesy of Nuno Neves,
Innovnano S.A)
formation, the powder was disaggregated in order to improve sinterability [73].
Particle size distribution was measured using a CPS Disc Centrifuge (Model DC
20000, CPS Instrument Inc). A Quantachrome Nova 1000E Series equipment using
helium as the carrier gas was used to determine the powder specific surface area.
Crystal structure was measured using a Bruker D8 Advance X-ray diffractometer
equipped with a Cu-Kα X-ray source. Scanning electron microscopy (SEM) was
performed using a Zeiss Auriga CrossBeam scanning electron microscope equipped
with a focused ion beam (FIB). Aperture size was 60 µm and the operating voltage
was 5 kV. Transmission electron microscopy (TEM) was performed using an FEI
Tecnai F20 field emission gun transmission electron microscope. TEM images were
taken using a bright field detector at 200 kV. TEM samples were prepared by FIB
milling using a dual beam FEI Nova 600 Nanolab SEM. A standard in-situ lift-
out method was used to prepare cross-sectional samples. A platinum over-layer
was deposited to define the sample surface and to homogenize the final sample
thinning. Samples were thinned to 75 nm. The sputter target was prepared by
hot-pressing in an argon atmosphere using an HPW 315/400-2200-1000. Sintering
took place under a constant pressure of 50 MPa with a heating / cooling rate of 10
◦C/min and a holding time of 60 mins at 1025 ◦C. The final density of the target
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Figure 3.2: SEM image of the AZO powder nanostructure (courtesy of Nuno Neves,
Innovnano S.A)
was measured using the liquid displacement technique with distilled water. An
image analyser program was used to calculate the mean grain size of the sintered
sample. Target electrical properties were measured using a Biorad HL 5500 Hall
Effect device at room temperature using the van der Pauw configuration.
3.1.2 Film deposition and characterisation
AZO was sputtered onto 50 mm by 50 mm soda-lime glass slides using the AZO
ceramic target. Films were deposited using an AJA International Orion 8HV sput-
ter coater with an AJA 600 series RF power supply. Deposition conditions were
kept at 180 Watts power (3.95 Watts/cm2) with no oxygen input, 1 mTorr pressure
(0.133 Pa) and 5 SCCM (8.33 x 10−8 m3 /s) of argon, whilst the temperature and
deposition time were varied. Films were deposited over one, two and three hours,
and the substrate temperatures used were room temperature, 100, 150, 200, 300
and 450 ◦C. Each deposition temperature was used for each of the three depo-
sition times. A second set of films was deposited from a commercially available
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non-nanoparticulate target for comparison. These films were deposited at 150 ◦C.
This temperature was chosen as it was found to give the best overall performance.
Film optical and electrical characterisation were carried out using an Ambios XP2
stylus profilometer to measure thickness, a Varian Cary 5000 spectrophotometer
for transmission spectra and an Ecopia HMS 3000 Hall effect system for mobility,
resistivity and carrier concentration measurements. Film roughness measurements
were taken using a Taylor-Hobson Sunstar-HD Coherence Correlation Interferome-
ter (CCI), and refractive index and extinction coefficient measurements were taken
using a Horriba iHR320 ellipsometer. A four-point probe was used to measure
sheet resistance. Structural characterisation was carried out using both scanning
and transmission electron microscopes. SEM was conducted using a Carl Zeiss
(Leo) 1530 VP field emission gun scanning electron microscope. Aperture size was
30 µm and the operating voltage was 5 kV. TEM was conducted using an FEI
Tecnai F20 field emission gun transmission electron microscope, equipped with a
bright field detector and at an operating voltage of 200 kV. TEM samples were
prepared by the same method as described for the sputter target characterisation.
X-ray diffraction (XRD) was performed using a Brucker D2-phaser desktop X-ray
diffractometer equipped with a Cu-Kα X-ray source and Lynxeye
TM detector. The
beam slit was 1 mm wide, and the antiscatter plate was positioned 3 mm above
the sample. The sample was rotated at 15 revolutions per minute. Structural
characterisation was performed on selected samples only.
3.2 Results and Discussion
3.2.1 Powder and sputter target characterisation
The powder particle size distribution reveals two different groups of particles. The
powder is largely composed of nanoparticles (approx. 30 % wt. fraction) of about
40 nm in size (Fig. 3.2). Some larger particles are also present (approx. 70 %
wt. fraction) which exhibit random morphology. These are composed of coalesced
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nanoparticles and some fragmented particles. Figure 3.3 shows the XRD pattern
of the powder (a) and sintered target (b).
20 25 30 35 40 45 50 55 60 65 70 75 80
(0
0
1)
(0
02
)
(1
01
)
(1
0
2
)
(1
1
0
)
(1
0
3
)
(0
02
)
(1
12
)
(2
01
)
(0
04
)
(a)
2Θ (◦)
In
te
n
si
ty
(a
rb
.
u
n
it
s)
20 25 30 35 40 45 50 55 60 65 70 75 80
(0
01
)
(0
02
)
(1
01
)
(1
02
)
(1
10
)
(1
03
)
(0
02
) (1
12
)
(2
01
)
(0
04
)
Z
n
A
l 2
O
4
(3
11
)
Z
n
A
l 2
O
4
(2
2
0)
(b)
2Θ (◦)
In
te
n
si
ty
(a
rb
.
u
n
it
s)
Figure 3.3: XRD pattern of AZO powder (a) and AZO sintered target (b) (courtesy
of Nuno Neves, Innovnano S.A)
Using the Scherrer equation [78], crystallite size was found to be 19 nm, in line
with the broad diffraction curve and the high specific surface area obtained (12.55
m2.g−1). Only the wurtzite phase was identified in the powder. XRD performed
on the sintered target revealed that whilst wurtzite is the primary phase, a minor
secondary phase, ZnAl2O4 (ghanite) is also present. This is typically seen when Al
concentrations above the solid solubility limit are used [79]. An important aspect
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of the synthesis technique used is that it allows for rapid and simple alteration
of the composition of the powder, and therefore of the sputter target, with the
aluminium dopant being uniformly incorporated into the zinc oxide structure. This
is in contrast to more standard target synthesis techniques (eg [80]), and means
that both nanoparticulate powders and sputter targets can be tailored to suit a
wide range of uses and requirements. The high sinterability of the AZO powder
[73] allowed us to achieve a high density target (>98 % of theoretical density, (5.61
g.cm−3)). TEM and SEM images of the AZO target show that it is composed of
small, regular crystals of between 0.5 µm and 1.0 µm (Fig. 3.4). The consistent
crystal size and lack of Al2O3 peaks in the XRD pattern indicate that the target
material is highly homogeneous.
The target has an electrical resistivity of 4.01×10−4 Ω.cm, with a carrier con-
centration of 4.03×1020 cm−3 and a mobility of 38.67 cm2/Vs. These values are
in good agreement with those obtained by others [72, 73, 74] and demonstrate
that this technique can be used to produce high quality ceramic sputtering targets
[72, 73, 74, 75, 81].
Figure 3.4: TEM (a) and SEM (b) images of the AZO target material
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3.2.2 Film deposition and characterisation
The deposition rate was found to be approximately 5.5 nm/minute, with film
thicknesses of 330 nm after 1 hour, 660 nm after 2 hours and 1 µm after 3 hours.
This is slow when compared to alternative sputter deposition methods such as
direct current (DC) and pulsed DC systems, and is a recognised issue with RF
sputtering (eg, [82]). It is likely that the use of DC or pulsed DC power rather
than RF would significantly increase the deposition rate, which would make this
material more commercially attractive.
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Figure 3.5: Transmission for one hour (a) and two hour (b) depositions
Transmission spectra for each film show that as the film thickness is increased,
transmission across both the visible and infrared ranges drops, with the highest
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losses being in the infra-red. This decrease appears greatest between the 330 nm
and 660 nm thick films (Fig. 3.5). Transmission in the infrared appears highest
for low temperature and high temperature (particularly 450 ◦C) depositions, with
films deposited between 100 and 200 ◦C showing marginally better transmissions
in the visible range.
The sheet resistance varies from 35 Ω/sq to around 3.1 Ω/sq, with specific val-
ues depending on both deposition temperature and film thickness. Although less
apparent for thinner films, there is a trend for the sheet resistance to decrease
slightly towards temperatures of 100 ◦C to 200 ◦C before rising slightly to 300 ◦C
and then more rapidly beyond that (Fig. 3.6).
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Figure 3.6: Sheet resistance against deposition temperature
Overall, the carrier concentration increases with increasing temperature up to 300
◦C, but begins to plateau above 200 ◦C. The carrier concentration drops signifi-
cantly with a further increase in temperature from 300 to 450 ◦C. The mobility
does not change dramatically with increasing temperature, with films typically
showing mobilities of between 20 and 40 cm2/V.s (Fig. 3.7). The only thickness
which demonstrates a clear trend is 1 µm, where mobility increases up to a de-
position temperature of 150 ◦C, before dropping off at higher temperatures. The
film resistivity shows an increase from 300 to 450 ◦C (Fig. 3.8).
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Figure 3.7: Carrier concentration (a) and mobility (b) against deposition temper-
ature
0 50 100 150 200 250 300 350 400 450 500
0
0.5
1
1.5
2
Temperature (◦C)
R
es
is
ti
v
it
y
(x
10
−
3
Ω
.c
m
)
1 hour
2 hours
3 hours
Figure 3.8: Resistivity against deposition temperature
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SEM images show that the films are largely crystalline, with crystal size increasing
significantly with increasing temperature up to 150 ◦C. Further increasing the
temperature reduces crystallinity dramatically, with films deposited at 300 ◦C and
above exhibiting much smaller crystals and an apparent increase in film surface
defects (Fig. 3.9).
Figure 3.9: SEM images of samples deposited for two hours at room temperature
(a), 100 ◦C (b), 150 ◦C (c) and 300 ◦C (d). All images are at 100,000 times
magnification
TEM images show that films deposited at higher temperatures retain a degree
of crystallinity, but the individual crystals are smaller and show a high level of
defects when compared to films deposited at lower temperatures (Fig. 3.10). The
crystals for all films are approximately perpendicular to the substrate surface, and
appear columnar. XRD analysis of the films showed that at all temperatures, the
predominant signal was from the (002) plane, with a slight secondary peak from
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the (004) plane (Fig. 3.11).
Figure 3.10: TEM cross-sections of films deposited at 150 ◦C (a) and 450 ◦C (b)
Coherence correlation interferometry measurements show that the films are all
very smooth, with root mean square surface roughness of between 1 and 3 nm.
The refractive index was found to be 1.9 +/- 0.04 at 550 nm for films deposited
at temperatures up to 200 ◦C. This is in good agreement with literature values
(eg, [83, 84]). For the 300 and 450 ◦C films, the refractive index was found to be
significantly lower, at 1.6 +/- 0.04. Overall, transmission in the visible range (400
– 800 nm) for these films is good, being at or above an average of 78 % for all
temperatures and thicknesses. The drop in transmission in the infrared shown by
all films is due to their having a high charge carrier concentration [18]. The thicker
films display lower infrared transmission values due to higher carrier concentra-
tions. There are some specific applications where this could be a problem, notably
certain types of photovoltaic cell such as tandem and multijunction devices where
infrared light adds significantly to the photocurrent of the bottom absorber layers
[85]. However for the vast majority of PV applications it is unlikely to be a prob-
lem as the transmission is consistently above 70 % as far as 1200 nm, which is into
the infra-red and equates to a band gap of 1 eV. The reason for the slight reduc-
tion in transmission in the visible range for both high and low temperature films
is less obvious. The variation in sheet resistance is unusual because of the sudden
increase with temperatures above 300 ◦C. This behaviour has been observed by
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Figure 3.11: XRD spectra of films deposited at 100 ◦C, 150 ◦C, 300 ◦C and 450
◦C
other groups [86, 87], and correlates with the measured film refractive indices. It
is possible that at higher substrate temperatures films are either losing zinc (via
re-evaporation of as-deposited zinc species), or the aluminium is migrating to the
grain boundaries where it forms either aluminium oxide or ghanite phases rather
than continuing to act as a dopant. Either effect would explain the drop in carrier
concentration and hence the increased resistivity and infrared transmission. The
highest temperature films appeared to be the least crystalline and contained the
highest levels of defects suggesting that higher temperatures and hence increased
system energy are the cause of the reduced conductivity. However, as the 300
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oC films still demonstrated a good sheet resistance despite showing reduced crys-
tal quality it is possible that the two are not directly related. Films deposited
at lower temperatures were all found to be fully crystalline, with crystal size in-
creasing dramatically with increased temperature and deposition time. The lack
of variation in sheet resistance and refractive index for lower temperature films
indicates that whilst crystal size may have an impact on the optical and electrical
properties, it is not the limiting factor. The most plausible explanations are either
that crystal quality is of greater importance, or that the change in crystal quality
is coincidental, and some concurrent change in the doping level, film stoichiome-
try or possibly formation of secondary phases such as alumina or ghanite is the
key. Further work would be required to verify any of these hypotheses. The in-
crease in resistivity with increased deposition temperatures is commonly observed
in AZO films (eg, [86, 87, 88]), which implies that it is a fundamental property
of the material. This means that this material is not suitable for use in higher
temperature processes. For a given average transmission value, the AZO samples
described in this study deposited at temperatures of up to 300 oC show equivalent
(and often lower) sheet resistances to those published for ITO (eg, [89]). This
demonstrates that this material is an ideal alternative to ITO, especially when
material scarcity and cost issues are taken into account. In particular, films de-
posited at room temperature show excellent transmission and sheet resistances,
meaning that this material is ideal for use in temperature sensitive applications
such as organic electronics. AZO films deposited from this target show equivalent
and in some instances improved characteristics when compared to films deposited
from a standard commercially available non-nanoparticulate target. Transmission
in the visible range was found to be virtually identical, although lower temperature
films demonstrated a greater drop in transmission in the infrared than films from
the commercial target. Carrier concentration was found to be around three times
that of films deposited from the commercial target, which is almost certainly the
cause of the reduced infrared transmission. Mobility was found to be the same at
around 40 – 45 cm2/V.s, and resistivity was found to be approximately a third
that shown by films from the commercial target. The deposition rate was identical
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for both targets. XRD analysis showed that whilst both compressed and powder
target material exhibited the complete range of ZnO peaks, the sputtered films had
a single prominent peak from the (002) plane, with a very minor secondary (004)
signal. This is something that other groups have noticed (eg, [72]), and indicates
that sputtered ZnO grows in the wurtzite (zincite) phase and preferentially along
the ‘c’ axis. TEM images confirm this, showing that crystals grow perpendicular
to the substrate surface in columns. The sputtered films also showed no evidence
of ZnAl2O4 formation, despite trace amounts of this showing up in XRD analysis
of the target material. CCI analysis showed that roughness changed remarkably
little, with RMS values ranging from 1 to 3 nm. Overall, roughness was found to
change in line with the observed changes in crystallinity. Finely crystalline films
grown at room temperature were the smoothest, with roughness increasing as the
crystal size increased, up to 200 ◦C. At higher temperatures roughness was found
to decrease as crystal size and quality reduced.
3.3 Conclusions
AZO sputtering targets were produced from nanoparticulate AZO powder. The
synthesis technique allows for simple tailoring of the powder and hence target com-
position. The target material was found to show random crystal orientation, with a
large range of different crystal sizes. XRD analysis indicated that crystals had the
wurtzite structure. A small degree of ZnAl2O4 was found to have formed during
the manufacturing process, however this was not seen in the as-deposited films.
SEM, TEM and XRD analysis of the films all show that crystallinity increases
with increasing temperature up to 300 ◦C. Above this, crystal size and quality are
reduced significantly. Crystals were found to grow preferentially along the (002)
axis, propagating perpendicular to the substrate surface. Crystal size and quality
is reflected in the carrier concentration, mobility and sheet resistance data, with
sheet resistances decreasing slightly with increasing temperatures and crystal size.
Above 300 ◦C, sheet resistance increases dramatically. There are various possi-
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ble explanations for this increase, and work to establish the cause is ongoing. It
is probable that the reduced crystal size, the apparent increase in the number
of crystal defects visible in TEM cross-section and the increase in resistivity at
higher temperatures are directly linked, and are most likely caused by the same
effect. Consistent high quality room temperature films with good transmission
values and low sheet resistances demonstrate that this material is ideally suited
for use in temperature-sensitive applications. Compared with published ITO data,
AZO films were found to display equivalent sheet resistances for a given average
transmission value. This demonstrates that AZO synthesised using the conditions
described is an ideal alternative to ITO.
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Molybdenum Oxynitride
Molybdenum oxide is a transparent insulating material with a variable composition
(MoO2 - MoO3) and a high work function [90]. It has been suggested as a possible
back contact material for cadmium telluride (CdTe) (eg, [91, 92]), but it is not
ideal because of its insulating nature [91]. By contrast, molybdenum nitride is
an opaque metallically conductive material [93, 94, 95], and has a significantly
smaller work function [95, 96]. This means that it is not capable of forming an
ohmic contact with CdTe [97]. By synthesising an alloy of the two, it should be
possible to find a compromise between conductivity and high work function. As a
mixed material, molybdenum oxynitride has been investigated for various potential
uses, primarily in the field of gas sensing [98, 99]. Synthesis techniques usually
involve reactive sputtering from a molybdenum metal target in a mixed argon-
oxygen-nitrogen atmosphere [100, 101], but other techniques such as nitrogenation
of molybdenum oxide [102] or wet chemical synthesis using hydrazine [99] have
been used. Molybdenum oxynitride films have a large range of potential crystal
structures [94, 103, 104]. This has been found to create problems with film internal
stresses and lattice mismatch issues with substrates [100]. For sputtered films,
deposition pressure was found to have a significant impact on film stress [105].
Most groups deposit the material onto silicon wafers [100, 104, 106] or metal foil
[101, 103], or else synthesise it as a powder [102]. This study looks at the effects
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of varying the ratio of oxygen to nitrogen in the deposition atmosphere during
reactive sputtering of molybdenum oxynitride, and its impact on the electrical,
optical and structural properties of the resulting material.
4.1 Experimental Details
Molybdenum oxynitride films were reactively sputtered onto 5 cm by 5 cm pre-
cleaned soda-lime glass slides from a molybdenum metal target using a Plasma
Quest high target utilisation system (HiTUS) sputter coater equipped with a re-
mote plasma generating radio frequency power supply. A 30 % bias voltage was
applied to the target, and a 90 % bias volatge was applied to the plasma. Cham-
ber pressure varied between 1.5 and 7.3 mTorr depending on the input gas flow.
Argon input flow rate was maintained at 50 standard cubic centimetres per minute
(SCCM). Nitrogen input was varied between 8 and 12 SCCM, and oxygen between
2 and 12 SCCM. Film characterisation involved using an Ambios XP2 stylus pro-
filometer to measure thickness, a Varian Cary 5000 spectrophotometer to measure
transmission spectra and an Ecopia HMS 3000 Hall mobility system to measure
resistivity. Band gaps were calculated from the transmission spectra. A Taylor-
Hobson Sunstar-HD coherence correlation interferometer was used to confirm film
thickness measurements and to provide an indication of film quality through iden-
tification of pinholes and similar defects. Sheet resistance measurements were
taken using a four point probe, and the resistivity was calculated using film thick-
ness. These results were used to confirm those obtained from the Hall system.
Film carrier type was measured using a multimeter with one heated probe. A
polarising light microscope equipped with an analyser lens was used to check film
lateral consistency and to identify large-scale defects and stress effects. A Carl
Zeiss (Leo) 1530 VP field emission gun scanning electron microscope was used for
high magnification surface imaging and identification of sub-microscopic defects.
Aperture size was 30 µm and the operating voltage was 5 kV. X-ray diffraction
was performed using a Brucker D2 Phaser benchtop X-ray diffractometer equipped
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with a Cu-Kα X-ray source. The beam slit was 1mm, and the antiscatter plate
was positioned 3mm above the sample. Rotation was kept to 15 revolutions per
minute, and samples were run for 12 hours. Full characterisation was carried out
on selected samples. A set of films of varying composition were deposited using
the process described above onto preformed CdTe solar cells as back contacts. The
cells were masked with a laser-cut mask prior to deposition to prevent uninten-
tional short-circuiting between the front and back contacts, and to ensure that the
cell area was accurately known during testing. The cells were close-space subli-
mated devices deposited onto commercially availble NSG Pilkington TEC glass,
and were provided by Colorado State University. One cell was supplied complete
with a nickel/carbon paste back contact. This was used as the control. Subse-
quent to deposition of the molybdenum oxynitride material as the back contact,
the mask was removed and the cell was measured in a solar simulator under AM1.5
illumination. This was used to obtain the cell IV curve as well as the open cir-
cuit voltage, short circuit current, fill factor and cell efficiency for each sample.
These values were compared and used to determine the effectiveness of the dif-
ferent oxynitride compositions as back contacts. Cell efficiency was compared to
the control cell to see if any of the alloys proved a superior back contact to the
nickel/carbon paste.
4.2 Results and Discussion
4.2.1 Film characterisation
Changing the relative quantities of nitrogen to oxygen in the deposition environ-
ment was found to have a profound impact on the resulting films. Increasing oxy-
gen partial pressure was in general found to increase the film transmission (Figure
4.1). As the chamber pressure could not be directly controlled during deposition,
the ratio of oxygen to nitrogen in the deposition environment often gives a more
complete picture of the effects of changing the deposition atmosphere. In the case
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of transmission however this is not true, as the data show a significantly wider
spread (Figure 4.2). This implies that pressure is also a significant variable in de-
termining the film transmission in addition to the ratio of gases in the deposition
environment.
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Figure 4.1: Oxygen partial pressure during deposition against average transmission
(data courtesy of Ahmed Abaza and Christos Potamialis)
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Figure 4.2: Oxygen to nitrogen ratio against average transmission (data courtesy
of Ahmed Abaza and Christos Potamialis)
The band gap of molybdenum oxide is reported as 2.85-3.3 eV [107, 108]. Whilst
the band gap of molybdenum nitride does not appear to have been identified,
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the increase in transmission with oxygen partial pressure is thought to reflect the
increased oxygen in the deposition atmosphere leading to an increase the degree
of film oxidation. This is verified by both XPS analysis, which broadly shows that
increasing the amount of oxygen in the deposition environment results in a more
oxygen rich film (Figure 4.3), and band gap data.
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Figure 4.3: Ratio of oxygen to nitrogen in the deposition atmosphere against film
oxygen content, measured using XPS
As the film oxygen content increases, the band gap also tends to increase (Figure
4.4). This change describes a curve, which is a phenomenon seen in other mixed
materials and alloys such as (In,Ga)N and Ga(As,N) [109], [110].
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Figure 4.4: Band gap against film oxygen content
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XPS data show that increasing the oxygen to nitrogen ratio causes the amount
of metal present in the film to decrease (Figure 4.5). Molybdenum is able to
form a range of different ionisation states including 2+, 4+ and 6+. It is thought
that the lower metal content at higher ratios could be the result of increasingly
high molybdenum ionisation states as the material changes to accommodate the
increase in oxygen.
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Figure 4.5: Ratio of oxygen to nitrogen against film metal content, measured using
XPS
Surprisingly, the amount of nitrogen present in the films was found to be roughly
constant despite the change in the quantities of nitrogen in the deposition atmo-
sphere (Figure 4.6).
Increasing the oxygen to nitrogen ratio was typically found to result in an increase
in resistivity (Figure 4.7). This is predictable as molybdenum oxide is a better
insulator than molybdenum nitride, and has been observed previously [100]. The
variation in resistivity with average film transmission is very clear, with more
transparent films having a higher resistivity (Figure 4.8).
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Figure 4.6: Oxygen to nitrogen ratio against film nitrogen content
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Figure 4.7: Oxygen to nitrogen ratio against resistivity (data courtesy of Ahmed
Abaza and Christos Potamialis)
Similarly, films with increased band gaps tended to exhibit higher resistivities
(Figure 4.9). All films were found to show p-type behaviour. In common with other
p-type materials discussed in this work, the mobility and carrier concentration
values obtained from Hall measurements were too inconsistent to be useable.
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Figure 4.8: Resistivity against transmission (data courtesy of Ahmed Abaza and
Christos Potamialis)
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Figure 4.9: Band gap against resistivity
XRD analysis was carried out on three selected samples. Initial results implied
that the films were all amorphous, with no visible peaks. However data from
a set of twelve hour measurements demonstrate that the material is crystalline,
and shows some distinct peaks (Figure 4.10). When compared to data from the
ICDD database these peaks were mostly found to correspond to MoO2 and MoO3
peaks. Only two were found to correspond to nitride (Mo2N and MoN) peaks.
This suggests that the crystal structure of these films is most closely aligned to
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that of the oxides. The biggest change is the appearance of a peak at a 2Θ angle
of 52 ◦. This corresponds to an MoN peak, and is not present in the first film,
is small in the second and is much more prominent in the third. This matches
the change in oxygen partial pressure during deposition, with the film showing
the most prominent peak having the lowest oxygen partial pressure and the film
lacking this peak having the highest.
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Figure 4.10: XRD patterns for films with oxygen to nitrogen ratios of 0.3, 0.4 and
0.5
Many films showed stress effects on removal from the sputter coater. As equivalent
films showed no significant evidence of stress when deposited on CdTe, this is
thought to be due to lattice mismatch issues between the film and the substrate.
Some films showed visible evidence of delamination within minutes of exposure
to atmospheric pressure, whereas with others these effects were only visible under
light or electron microscopes. In general more oxygen rich films appeared to adhere
better. Analysis with a light microscope showed that some apparently good films
were prone to buckling on a microscopic scale, forming complex networks of ridges
and cracks across the surface (Figure 4.11). SEM analysis of more oxygen rich
films shows that even those which show no apparent evidence of stress at a visible
or microscopic level have a high degree of damage at a sub-micron scale (Figure
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4.12).
Figure 4.11: Light microscope photomicrographs of film delamination, 20 X mag-
nification. Films show either plate-like delamination and networks of cracks (a) or
complex ridge structures (b)
Figure 4.12: SEM photomicrographs of visually good quality films showing mi-
crostructural upheaval and damage resulting from stresses within the film. Images
were taken at 10,000 X (a) and 5,000 X (b)
The properties of a set of films were re-measured after being allowed to age in the
laboratory for 12 months. Light microscope analysis indicated that all films had
undergone at least a small amount of phase separation in the form of recrystalli-
sation (Figure 4.13). This is common in various naturally occurring minerals (eg,
56
CHAPTER 4. MOLYBDENUM OXYNITRIDE
[111, 112]), although usually over significantly longer timescales. It indicates that
two or more elements in the material repel each other sufficiently to cause gradual
solid-state changes, known as exsolution, in the material [111, 112].
Figure 4.13: Photomicrographs of films aged for 12 months showing widespread
recrystallisation. Images were taken at 100 X magnification
Electrical measurements indicated that some films had experienced a significant
increase in resistivity, although encouragingly several remained largely unchanged
(Figure 4.14).
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Figure 4.14: Oxygen to nitrogen ratio against resistivity as deposited and after 12
months in ambient atmosphere
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Optical properties remained unchanged. These changes suggest that for real-world
applications, it would be necessary to seal the material sufficiently to prevent air
and moisture access. Preventing recrystallisation is most likely not possible, but
as some films showed no significant electrical or optical changes despite this, it
may not be a significant problem.
4.2.2 Completed CdTe cell characterisation
Five film compositions covering the investigated range were chosen for use in com-
pleting CdTe cells. The films deposited as the cell back contacts were nominally
25 nm thick, based on the calculated deposition rates for equivalent films on glass.
The as-supplied control cell was found to have an efficiency of 11.77 %, with a
short-circuit current of 21.68 mA, an open circuit voltage of 0.77 V and a fill
factor of 71 %.
Surprisingly, it was found that cell efficiency decreased with increasing oxygen/nitrogen
ratio (Figure 4.15). This is contrary to expectations because molybdenum oxide
has a much higher work function than molybdenum nitride, thus the anticipated
effect was for an increase in efficiency with increased oxygen/nitrogen ratio. Be-
cause pressure could not be accurately controlled, it was thought that changes
in gas partial pressure may not have been reflected in the oxygen/nitrogen ratio.
However when oxygen content is plotted against cell efficiency the same general
trend is displayed (Figure 4.15).
Further analysis of the cell data showed that the short circuit current did not
vary dramatically, and showed no real trend when compared against back contact
oxygen content. Fill factor and Voc however showed a noticeable drop as oxygen
content increased (Figure 4.16).
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Figure 4.15: Oxygen/nitrogen ratio (left) and oxygen content (right) against cell
efficiency (data courtesy of Christos Potamialis)
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Figure 4.16: Oxygen content as a function of short cirucuit current (upper), open
circuit voltage (lower left) and fill factor (lower right) (data courtesy of Christos
Potamialis)
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As shown above, increased oxygen typically causes a corresponding increase in film
resistivity. Plotting resistivity (measured using equivalent films on glass) against
cell efficiency produces a clear trend, with efficiency reducing as resistivity increases
(Figure 4.17).
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Figure 4.17: Cell efficiency against back contact resistivity, as measured from
equivalent films on glass (data courtesy of Christos Potamialis)
UPS was conducted on a selected set of four samples, and the obtained spectra
used to determine the work functions. This showed that as expected, increased
oxygen/nitrogen ratio resulted in increased work function, but the obtained values
were nonetheless surprisingly low (Figure 4.18).
The observed trend for an increase in efficiency with decreasing resistivity rather
than increasing oxygen content (and hence higher work function) implies that for
these specific alloys work function is not the limiting factor. Low resistivity is
more likely to be the key to an effective back contact. It is thought that the
reason for this difference is that the primary charge carrier type (electron holes)
is the same for both materials. As the Mo(O,N) material has a low resistivity,
this means that it is likely metallic or semi-metallic, and therefore the Fermi level
is already near or below the level of the valence band. Contacting the Mo(O,N)
with CdTe, where the Fermi level is at a lower total level despite being within
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the band gap, will cause holes to move to the already degenerate Mo(O,N) and
electrons to move to the CdTe. Whilst a Schottky barrier will still form, the high
hole concentration in the back contact material means that the barrier is likely to
be thin, thus potentially forming a tunnel junction. That said, all cells except one
showed some degree of the roll-over typical of a non-tunnelling Schottky barrier
(Figure 4.19). However, as the Mo(O,N) films applied to the cells were very thin
it is possible that this is an effect of contact between the metal probes used during
cell measurement and pinholes or other gaps in the Mo(O,N).
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Figure 4.18: Oxygen/nitrogen ratio against work function
The significant disparity in efficiency between the sample cells and the control
largely appears to be due to the reduced fill factor, although the Voc is also some-
what lower even for the best cell. The control cell had low-level copper doping
prior to the addition of the back contact, and the back contact was a doctor-
bladed nickel-doped carbon paste, making it significantly thicker than any of the
Mo(O,N) films. Whilst there are several possibilities for the cause of the reduced
fill factor, it is clear that reduced oxygen (and thus less resistive) Mo(O,N) films
perform better than more oxygen-rich ones. It is therefore possible that either very
oxygen-poor films, and perhaps even pure molybdenum nitride, may give results
more in line with those shown by the control cell.
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Figure 4.19: Cell I/V curves. Only the 5.78 % efficient cell shows no evidence of
roll-over (data courtesy of Christos Potamialis)
4.3 Conclusions
Film composition was found to be controlled primarily by oxygen partial pres-
sure in the deposition environment, with nitrogen partial pressure having minimal
impact. Films with increased oxygen content were found to show increased resis-
tivity, and all films were found to be p-type. More oxygen rich films also showed
increased average transmission.
All films were found to be crystalline, with XRD patterns showing a range of small
peaks. These were identified as a range of molybdenum oxide and nitride peaks,
with the nitride peaks reducing and eventually disappearing with increased oxygen
content.
When deposited on glass, films showed effects of stress induced by lattice mismatch
ranging from severe delamination through to microscopic cracking and buckling.
Even apparently stable good quality films showed these effects when viewed using
an SEM. Films left open to the air for extended periods showed evidence of phase
separation, with the formation of previously unseen crystals which were often
visible even using a light microscope. The effect on the electrical properties was
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unpredictable, with some films showing little change and others becoming up to
several orders of magnitude more resistive.
A selection of film compositions were used to close CdTe cells. Efficiency, fill fac-
tor, open circuit voltage and short circuit current measurements showed that as
the oxygen content of the film was reduced, the cell improved. The resistivity
appears to be key, with efficiency improving nearly exponentially as the resistivity
is reduced. This was contrary to expectations, as it was assumed that work func-
tion would increase with increased oxygen, thereby countering Schottky barrier
formation and increasing cell efficiency. This assumed increase in work function
with oxygen was confirmed by measuring a set of films using UPS. The surprising
conclusion is that for this material at least work function is less important than
resistivity.
None of the cells measured was found to be as efficient as the control sample,
primarily because the fill factors were significantly reduced. All cells except one
showed evidence of Schottky barrier formation in the presence of the roll-over effect
displayed by the cell I/V curve. It is possible that further reducing the resistivity
through deposition of more oxygen-poor films might provide a route to increasing
cell quality, but it is also possible that at least part of the problem stems from the
very thin nature of the films deposited as back contacts. It is recommended that
both should be further investigated.
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Cupric Oxide
Cupric oxide (CuO) is one of two principal oxides of copper, and has the chemical
formula CuO. It is an indirect band gap semiconductor, with reported experimental
band gap values of 1.2 to 2 eV [113], and theoretical values of around 1 to 1.4 eV
[114]. It is p-type, even when not extrinsically doped. This is thought to be a
result of copper vacancies and oxygen interstitials in the crystal structure [115].
So far, it does not appear to have been successfully doped n-type, despite various
attempts [115].
Copper oxides are a key component of many of the more successful p-type trans-
parent conductive oxides (TCOs) [25, 116, 117]. Whilst cuprous oxide is a well-
researched source material for various of the potential p-type TCOs (e.g., [114]),
there has been relatively little work done on cupric oxide from this perspec-
tive.
A key property of any TCO is good electrical conductivity [18]. Metal oxides
typically show reasonable n-type behaviour and can often be readily degenerately
n-type doped [8, 18]. Few metal oxides show p-type behaviour however, and those
that do typically display very low carrier mobilities [18, 23, 24]. This is because of
the band structure of metal oxides, and the small size and high electronegativity of
the oxygen atom. This results in high levels of hole localisation and consequently
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high hole effective mass [24]. A significant challenge for p-type TCOs is finding a
way to improve the electrical characteristics such that they display similar levels
of conductivity to the n-type TCOs such as ITO and AZO [24, 118]. Material con-
ductivity is a function of both the carrier mobility and the carrier concentration
[18]. This means that high levels of extrinsic doping could lead to a reasonably
conductive p-type oxide despite its having a low mobility. DFT analysis by others
has shown that whilst there are few if any effective n-type dopants for CuO, the
group 1 metals, particularly lithium and sodium, should be good p-type dopants
[115]. Doping CuO with one of these two metals could theoretically increase the
carrier concentration sufficiently to counteract the likely low film mobility, partic-
ularly if deposited in a high oxygen environment so as to concurrently increase the
intrinsic doping level [115].
The first part of this study examines the effects of temperature and oxygen envi-
ronment on the electrical, optical and structural properties of sputtered intrinsic
CuO. The second part investigates the possibility of doping CuO with sodium
with the aim of dramatically increasing the carrier concentration, thereby increas-
ing film conductivity. This involved depositing films by spin-coating with variable
quantities of sodium salts added to the precursor solution so as to identify the
optimum doping level. Once the optimum level had been ascertained, a doped
sputter target was purchased, and further characterisation was carried out as for
the intrinsic material.
5.1 Experimental Details
5.1.1 Intrinsic films
Intrinsic CuO thin films were sputtered from a single preformed 3 inch diameter
ceramic target onto 50 mm by 50 mm soda-lime glass slides using an AJA Interna-
tional Orion 8HV magnetron sputtering system equipped with an AJA 600 series
radio frequency power supply. Power was maintained at 120 Watts giving a power
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density of 2.63 W/cm2, and deposition time was two hours. Argon flow rate was
maintained at 7 standard cubic centimetres per minute (SCCM) and pressure was
limited to 0.1333 Pa (1 mTorr).
Intrinsic CuO films were deposited over a range of temperature and oxygen partial
pressure conditions. For the temperature experiments, oxygen input was kept at
two SCCM of 100 % oxygen, and for the oxygen content experiments, temperature
was kept at 18 ◦C. Temperature-variable depositions were run at 18, 50, 100, 150,
200, 250, 300, 350, 400 and 450 ◦C. Oxygen-variable depositions were run using
both a 1 % oxygen in argon gas line and a 100 % oxygen gas line. Depositions
were run with oxygen partial pressures of 1.67 x 10−4, 5.56 x 10−4, 7.84 x 10−4,
1.67 x 10−2, 2.96 x 10−2 and 4.85 x 10−2 Pa. These correspond to oxygen flow
rates of 0.01, 0.05, 0.1, 1, 2 and 4 SCCM respectively.
5.1.2 Spin-coated films
Spin-coated films were deposited using solutions of copper nitrate dissolved in
a glycerol/water solvent. Precursor solutions were formed by dissolving 0.5 g
copper nitrate hexahydrate (99.99 %, Sigma Aldrich) in a solution of 1 ml glycerol
and 1 ml de-ionised water. For sodium-doped films, sodium acetate (99.99 %,
Sigma Aldrich) was added to the precursor solution. Dopant concentrations were
calculated as a percentage of atomic weight, and films were doped with 1, 2, 3, 5,
and 20 % sodium. Films were formed by spin-coating these solutions on 50 mm
by 50 mm precleaned soda-lime glass slides for 90 seconds at 1000 - 2000 rpm.
Samples were then dried at 220◦C in air and subsequently annealed at 450 ◦C in
air under a fume hood to oxidise the nitrate films. Anneal times were initially
kept to 10 minutes. A second set of films containing 1, 3, 5 and 20 % sodium were
annealed for 60 minutes.
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5.1.3 Doped sputtered films
Doped sputtered CuO was deposited using the same setup and machine parameters
as the intrinsic material.
Doped films were all deposited at room temperature. Depositions were carried out
at oxygen partial pressures of 0, 1.67 x 10−2, 2.96 x 10−2, 4.85 x 10−2 and Pa,
corresponding to oxygen flow rates of 1, 2, 3, 4 and 6 SCCM respectively.
5.1.4 Characterisation
Film optical and electrical characterisation was carried out using an Ambios XP2
stylus profilometer to measure thickness, a Varian Cary 5000 spectrophotometer
for transmission spectra and an Ecopia HMS 3000 Hall effect system for mobility,
resistivity and carrier concentration measurements. Measured resistivities were
cross-checked using a four-point probe.
Structural characterisation involved scanning electron microscopy (SEM) and X-
ray diffraction (XRD), and compositional analysis was performed using a Thermo
Scientific K-Alpha X-ray photoelectron spectrometer (XPS) equipped with an Al-
Kα X-ray source. Samples were etched for 60 seconds prior to analysis using
a plasma etching ion source (EX06 ion source). SEM analysis was carried out
using a Carl Zeiss (Leo) 1530 VP field emission gun scanning electron microscope,
using both InLens and secondary electron detectors. Aperture size was 30 µm
and operating voltage was 5 kV. XRD was carried out using a Bruker D2-phaser
desktop X-ray diffractometer equipped with a Cu-Kα X-ray source and Lynxeye
TM
detector. The beam slit was 1 mm wide and the anti-scatter plate was positioned
3 mm above the sample. The sample was rotated at 15 revolutions per minute.
Experiments were run for a range of different times, from 15 minutes through to
12 hours depending on the sample.
Band gaps were estimated from film transmission data using the Tauc method
[46]. Film carrier type was confirmed by exploiting the Seebeck effect using a
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multimeter with a heated probe.
5.2 Results and Discussion
5.2.1 Intrinsic Sputtered Films
Temperature
It was found that increasing the substrate temperature during deposition increased
the film resistivity (Fig. 5.1). For most materials, it is normal for increasing sub-
strate temperature to result in a more conductive film (e.g., [119]). This is thought
to be due to the formation of better crystal structures at higher temperatures. For
cupric oxide, it is thought that the low temperatures allow for an increase in film
defects, particularly copper vacancies and oxygen interstitials. This would result
in an increased carrier concentration, thereby reducing the resistivity. Unfortu-
nately Hall effect measurements of both carrier concentration and mobility proved
inconclusive. This was because many of the films were too resistive and beyond
the capability of the equipment to measure accurately.
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Figure 5.1: Resistivity against substrate temperature during deposition
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An increase in the number of defects would also have a detrimental effect on the
crystallinity, with a sufficiently high defect density causing films to be amorphous.
SEM photomicrographs of the film surfaces show that room-temperature films are
very fine-grained, bordering on amorphous, with a gradual increase in crystallinity
and crystal size with increasing temperature (Fig. 5.2).
Figure 5.2: SEM photomicrographs showing the effects of substrate temperature
on film crystallinity
Oxygen content
Resistivity was found to increase dramatically with decreasing oxygen partial pres-
sure (Fig. 5.3). This change is thought to be due to a significant increase in the
number of charge carriers with increasing oxygen content resulting from increased
copper vacancies and oxygen interstitials. As with temperature-variable experi-
ments, Hall measurements were inconclusive.
At very high oxygen contents, the films appear to be very fine grained and almost
amorphous (Fig. 5.4). This suggests that the number of vacancies and other
defects is sufficient to cause significant disruption of the crystal structure.
Whilst the crystal size for very low oxygen partial pressures and for high temper-
atures is similar, the crystal shape is very different. High temperature depositions
produced crystals with a rounded appearance (Fig. 5.2). Films with low oxygen
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Figure 5.3: Resistivity against oxygen partial pressure
content show a more defined plate-like structure (Fig. 5.4). As the temperature-
dependent experiments were all conducted with a relatively high oxygen partial
pressure (2.96 x 10−2 Pa), the most likely explanation is that this change is due
to oxygen content rather than temperature. It is likely that the two sets of films
have the same basic crystal structure, but that the higher defect density due to
increased oxygen content in the high temperature films causes some disruption of
this structure. XRD analysis of these films was found to be inconclusive.
Figure 5.4: SEM photomicrographs showing the effects of oxygen partial pressure
during deposition on film crystallinity
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The band gap was found to vary significantly with changing oxygen content, de-
creasing dramatically with reduced oxygen input (Fig. 5.5). Both band gap
changes and variation in resistivity appear to be the opposite of the behaviour
shown by other metal oxides such as zinc-doped indium oxide (IZO - [120]). The
different behaviour for resistivity is clearly due to the difference in majority charge
carrier between the two materials – IZO is n-type, whereas CuO is p-type. The
band gap variation is significantly larger for CuO than it is for IZO, and appears to
approximate an inverse exponential relationship to oxygen partial pressure.
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Figure 5.5: Band gap against oxygen partial pressure during deposition
The observed dramatic changes in resistivity, crystal structure and band gap sug-
gest that this material is structurally malleable, making it a potential candidate
for research into mixed oxide semiconductors and mismatched alloys. The vari-
able band gap could allow for uses in devices where absorption of a specific part
of the visible and near-infrared spectrum is important, such as in multi-junction
stacks.
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5.2.2 Spin-coated Films
It was found that the spin coating method described consistently produced good
films of a range of thicknesses up to around 500nm. Film thickness was determined
by the spin rate, with thicker films forming at slower speeds. Thicker films were
found to be significantly less homogeneous. This is most likely due to non-linear
evaporation of the solvent during the drying step. Because of this variation, doping
experiments were run using a spin rate of 2000 rpm, which equates to a thickness
of around 120 – 150 nm.
Films show high transmission in the infra-red, with a cut-off starting around 800-
900 nm (Fig. 5.6).
200 400 600 800 1000 1200 1400 1600 1800 2000
0
20
40
60
80
100
Wavelength (nm)
T
ra
n
sm
is
si
on
(%
)
Undoped
5 %
20 %
Figure 5.6: Transmission curves for 5 and 20% sodium doped and undoped spin-
coated CuO samples
None of the films measured showed significant interference fringes, presumably due
to being relatively thin. Band gaps were estimated using the absorption coefficient,
which was calculated using Equation (5.1):
α(E) = −1
d
ln(Tnormalised(E)) (5.1)
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Where α is the absorption coefficient, d is the thickness, E is the photon energy and
Tnormalised is the normalised transmission for light of that photon energy. They were
found to be indirect, and varied from around 0.8 eV to 1.17 eV, which is slightly
lower than previously reported experimental data, but is in good agreement with
the calculated theoretical band gap [114]. There was no apparent relationship
between band gap and dopant concentration (Fig. 5.7).
Film resistivities were found to vary from highly insulating for undoped films to
7 Ω.cm for 1 % sodium doping and 10 minutes anneal time (Fig. 5.8). The
reduction in resistivity for even a small dopant concentration is noticeable, with
the exception of a doping level of 5 % and 10 minute anneal time. The most likely
explanation for films doped at this level is that after only a 10 minute anneal time
the sodium was not properly incorporated into the crystal structure.
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Figure 5.7: Estimated band gap against doping concentration
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Figure 5.8: Log-normal graph of resistivity against dopant concentration for both
10 minute and 1 hour anneal times
The general trend appears to be for resistivity to increase with doping concentra-
tions above 1 %. The exception to this is for films doped with 20 % sodium. This
suggests that the ideal sodium dopant level is around 1 % or less, and that higher
levels cause increasing amounts of crystal distortion. For a doping level of 20 %,
it would normally be expected that the crystal structure would be so distorted
that the film would be highly insulating, however no changes in crystallinity are
apparent from SEM images of the films (Fig. 5.9) and the resistivity was similar to
less highly doped films. It is possible that for dopant concentrations this high the
cupric oxide structure rejects the majority of the dopant, with only around 1 – 2
% being incorporated into the film. The rest is then either burnt off along with the
acetate group, or is pushed into the grain boundaries. For concentrations of 1 and
3 %, increasing annealing time to one hour did not appear to alter the resistivity
significantly, suggesting that for lower concentrations the dopant is more readily
incorporated into the crystal structure.
Increasing the anneal time had a significant impact on film density and structure.
SEM images show that films annealed for 10 minutes contain more gaps and holes
than those annealed for 1 hour (Fig. 5.10). Crystal sizes for both sets of films
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Figure 5.9: SEM photomicrographs showing spin coated films with 3 % doping (a)
and 20 % doping (b)
are very similar, and for both annealing times they are typically arranged in large
rounded clusters. This is significantly more pronounced for films annealed for 1
hour, with the clusters typically becoming more regular in both size and shape
(5.10). The only major change in crystallinity is between the undoped films and
the doped films. Undoped films annealed for 10 minutes are reasonably compact,
and are comparable to the doped films after annealing for 1 hour. However the
individual crystals are smaller (Fig. 5.11) This implies that doping disrupts film
formation, and that annealing for a longer time period allows for improved dopant
accommodation within the material. It is interesting that increasing the dopant
concentration does not obviously disrupt film growth any more than films with
lower dopant levels. One possibility is that the changes are too difficult to see at
this level, and would require the use of a TEM to observe.
It was found that the optical and electronic properties of the spin coated films were
largely the same as those of the sputtered films. Sputtered film band gaps were
estimated to be between 0.8 and 0.9 eV, which is within the range found for the spin
coated films. Film thicknesses were similar, with sputtered films being between
150 and 160 nm. Sputtered films were found to have resistivities of around 1.5
x 103Ω.cm, which is several orders of magnitude lower than undoped spin coated
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films. The reason for this is unknown.
Figure 5.10: SEM photomicrographs of spin coated films with 3 % doping, annealed
for 1 hour (a) and 10 minutes (b)
Figure 5.11: SEM photomicrographs of spin coated films with 3 % doping, annealed
for 1 hour (a) and undoped, annealed for 10 minutes (b)
Because CuO is a p-type oxide, depositing the film in a more oxygen-rich environ-
ment should increase the conductivity as more copper vacancies are formed. The
spin coated films, being deposited in air, were formed in the presence of a much
higher oxygen partial pressure than the sputter coated films. It is possible that the
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evaporation of the solvents and removal of nitrate from the films during the heat-
ing and annealing steps reduced the amount of oxygen in the film sufficiently to
counteract the effects of the increased oxygen in the deposition atmosphere.
Structurally, sputtered and spin coated films were found to be quite different.
Sputtered films appear very smooth and dense, with few if any gaps or pinholes.
The crystals are much larger, being around 50 nm in size, as opposed to around
20 nm for the doped and 10 nm for the undoped spin coated films. The crystal
shapes are also slightly different, with the spin coated films showing small blocky
crystals. Those in the sputtered films are more plate like and slightly elongated
(Fig. 5.12).
Figure 5.12: SEM photomicrographs showing a spin coated film with 1 % doping
(a) and a sputtered film (b) for comparison
5.2.3 Doped Sputtered Films
Without added oxygen, sputtered sodium-doped films showed resistivities four
orders of magnitude lower than equivalent intrinsic films, at 5 x 10−1 Ω.cm. This
confirms that sodium is an effective dopant for CuO. Addition of oxygen to the
deposition environment was found to reduce the resistivity further, down to a
minimum of 4.3 x 10−2 Ω.cm at an oxygen partial pressure of 6.2 x 10−2 Pa.
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Further increases in oxygen partial pressure were found to cause a slight increase
in resistivity (Figure 5.13). All films were deposited at room temperature because
this produced the lowest resistivity with the intrinsic material (Figure 5.1).
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Figure 5.13: Resistivity against oxygen partial pressure
Initial measurements of the carrier concentration and mobility were inconclusive.
This is most likely due to the films having a mobility below the measurable limit
of the Hall device. More detailed analysis carried out by exploiting the Seebeck
effect showed that the film carrier concentrations are on the order of 2.2 to 2.8
x 10 22, which is an order of magnitude higher than that typically seen in tin-
doped indium oxide (ITO) [121]. Mobility however was found to be very poor,
being between 1 x 10−3 and 4 x 10−4 cm2/V.s. Values for ITO are typically nearer
20 – 40 cm2/V.s. This explains the relatively poor resistivity values despite the
good carrier concentration, and demonstrates that whilst this approach works to a
degree, obtaining conductivities equivalent to n-type TCOs in p-type metal oxides
will require techniques for dramatically increasing the mobility.
SEM analysis showed that intrinsic CuO films are polycrystalline, with small but
well-formed crystals. Doped films, although still polycrystalline, were found to be
less well-formed, with significantly smaller crystals and a large number of cracks
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and pinholes (Fig. 5.14). Oxygen partial pressure during deposition had no ap-
parent impact on film quality. Therefore the reduced quality of the doped films is
thought to be a result of distortion of the film crystal structure due to the incor-
poration of the sodium dopant. XRD analysis confirmed that both intrinsic and
doped films are crystalline, and show a typical CuO peak profile (Fig. 5.15).
Figure 5.14: SEM photomicrographs showing a typical sputtered doped film (a)
and an intrinsic sputtered film (b) for comparison
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Figure 5.15: XRD patterns for films with different copper contents
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5.3 Conclusion
It was found that by altering the temperature and oxygen partial pressure during
deposition, the electrical, optical and structural properties of sputtered intrinsic
cupric oxide could be altered significantly. The greatest effects were found when
altering the oxygen partial pressure, with material band gaps changing from 0.8 to
1.42 eV and resistivity from highly insulating to around 0.1 Ω.cm. The decrease
in resistivity with increasing oxygen content is thought to be due to a greater
number of copper vacancies and oxygen interstitials and a resulting increase in
carrier concentration. As oxygen content increases, films also become increasingly
fine-grained and possibly amorphous.
Spin-coating was found to be a reliable low cost method for producing cupric oxide
thin films with a range of dopant concentrations. Doping the films with sodium
was found to reduce film resistivity from 1.47 x 105Ω.cm to 7.02 Ω.cm, with dopant
concentrations of 1 at. % giving the lowest resistivity. Increasing post-formation
annealing time was found to improve film quality without having any apparent
effect on the optical or electrical properties. Electrical and optical properties
of spin coated films were found to be comparable to those of films sputtered in
a relatively low-oxygen environment, although sputtered films were found to be
higher quality structurally.
2 at. % sodium-doped CuO thin films were found to display resistivities of up to
four orders of magnitude lower than equivalent intrinsic films. Addition of oxygen
to the deposition environment was found to reduce the resistivity further, to a
minimum of 4.3x10−2 Ω.cm at an oxygen partial pressure of 6.2 x 10−2 Pa. Carrier
concentrations of films deposited under these conditions were found to be very
high, at around 2.2 – 2.8 x 1022 /cm3, but mobilities of all films were significantly
lower than those of equivalent n-type films, at 1 x 10−3 to 4 x 10−4 cm2/V.s. Doped
films were found to be crystalline, but show a greater degree of disruption and a
lower overall structural quality than intrinsic films.
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Copper Tin Oxide
Transparent amorphous oxide semiconductors (TAOS) which conduct electrons
and possess conductivities similar to their crystalline counterparts have opened
up a huge array of possibilities for transparent, flexible opto-electronics devices
[122, 123, 124, 125]. These amorphous materials possess the fundamental advan-
tages of low-cost synthesis and smooth, uniform grain-boundary free films, enabling
production in large-scale roll-to-roll processes. In order to fully exploit the tech-
nological avenues opened up by n-type TAOS, however, it is necessary to produce
p-type counterparts, thus allowing access to the multitude of semiconductor het-
erojunction technologies which have revolutionised science and technology in the
latter part of the 20th century, but in low-cost, easily manufactured and highly
versatile forms.
The task of developing p-type TAOS faces two fundamental challenges: (i) pro-
ducing materials capable of stabilising electron holes, and (ii) ensuring sufficiently
high mobility of these holes. The former relies on ensuring sufficiently high va-
lence band maxima (VBM), whilst the latter depends on the orbital character
of the valence band itself. The search for TAOS is one of the major challenges
in contemporary materials design, as evidenced by a wide array of experimental
[120, 126, 127, 128] and theoretical [24, 129, 130, 131] studies on the topic.
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The issue of conductivity is related to the fact that the VBM in most oxide ma-
terials comprises O p-orbitals. Oxygen is a relatively small atom with a high
electronegativity, and the result is that the valence band is typically both flat and
narrow [24, 25]. This results in large-scale hole localisation and hence high hole
effective mass [24, 132]. One design strategy which has proved successful in crys-
talline p-type oxides is to employ metal cations with electron positions at similar
energy levels to that of the oxygen 2p states, which are able to hybridise the valence
band states, thereby spreading the valence band and causing hole delocalisation
[18, 132, 25]. This reduces the hole effective mass, increasing mobility and thus
the conductivity of the material [24, 132]. Of the various metal cations that have
electron states at the right energy levels to act in this way, copper (both Cu+
and Cu2+) and tin (particularly Sn2+) are among the cheapest and most widely
available [24, 132, 118].
The copper oxides (cuprous oxide, Cu2O and cupric oxide, CuO) are two of the
most studied intrinsic p-type metal oxides (eg, [133, 134, 135]). Cu2O was one
of the earliest materials found to exhibit the photovoltaic effect, and was being
investigated for use in photovoltaics prior to silicon (eg, [136, 137]). As p-type
transparent conducting oxides (TCOs) however, neither are ideal. TCOs should
have a band gap of 3 eV or more, thereby ensuring reasonable transmission of
the full visible spectrum [18, 25]. Neither copper oxide has a sufficiently wide
band gap on its own to be successful as a TCO [25, 118]. Other examples of
p-type oxides include SnO, NiO, Cr2O3 and CuAlO2 [28, 118, 138, 139] Nonethe-
less, the development of p-type conductors with appropriate band gaps remains a
challenge.
The technique of alloying two mismatched materials has been shown to enable
tailoring of the band gap of the resulting substance, and has been successfully
employed in the III-V semiconductors such as (In,Ga)As or Ga(As,N) [110, 140,
141]. Amorphous materials provide several benefits when compared to crystalline
materials. Because of the lack of long-range structure, they are typically more
flexible and so can be used with a wider range of substrates [142]. They are also
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commonly deposited at lower temperatures since heat is not required to encourage
the formation of a crystal lattice [18, 142].
In this study the technique of alloying two mismatched materials to form a ternary
oxide mixture of Cu and Sn is applied. Like the III-V semiconductors mentioned
previously the large cation size mismatch ensures an amorphous material, as evi-
denced by the absence of this ternary composition on the ICSD. Additionally, the
different electron configurations of the two cations - Cu(II) is d9 whilst Sn(II) is s2
- allows for investigation of the effects of altering the composition on the position
and structure of the band edge, both of which are critical for designing p-type
TAOS. A “compositional mobility edge” is identified, where a sharp change in the
conductivity and transparency of the material is observed with a small change in
Cu:Sn ratio, despite the gradual change in the band gap. This finding is explained
by comparison with density functional theory (DFT) calculations of the evolution
of the density of states (DOS) with composition. The ability to affect gradual
change in certain material properties whilst causing much more rapid alteration in
others through the application of mismatched alloying is an important principle
for designing p-type TAOS.
6.1 Methodology
6.1.1 Experimental details
Film deposition was carried out using an AJA International Orion 8 HV sputter
coater equipped with an AJA 600 series radio frequency (RF) power supply and
an Advanced Energy MDX 500 DC power supply. Films were deposited by co-
sputtering from pre-formed ceramic metal oxide targets at a pressure of 1 mTorr
(0.133 Pa) in a mixed oxygen-argon atmosphere. Film composition was varied
by altering the power supplied to each deposition magnetron, thereby varying the
deposition rate for the target material. SnO2 was deposited using the DC power
supply, and applied power was varied from 12.5 Watts to 50 Watts. CuO was
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deposited using the RF power supply, and applied power was varied from 72 Watts
to 180 Watts. Argon flow rate was maintained at 7 standard cubic centimetres per
minute (SCCM). Two sets of films were deposited, one with a pure oxygen flow
rate of 1 SCCM and a second with an oxygen flow rate of 2 SCCM, resulting in
oxygen partial pressures of 0.017 Pa and 0.03 Pa respectively.
Film characterisation involved measurement of transmission, film thickness, sheet
resistance and Hall mobility tests, compositional and crystal structure analysis,
and detailed observation of both film surfaces and in cross-section using SEM and
TEM respectively. Transmission data were used to calculate the film band gap
using the Tauc method [46]. Transmission was measured using a Cary Varian
5000 spectrophotometer. Thickness was measured using an Ambios XP2 stylus
profilometer, and Hall mobility measurements were carried out using an Ecopia
HMS 3000 Hall effect device. A four point probe was used to measure sheet
resistance, and these data were used to verify the resistivities measured using the
Hall effect. Crystal structure was examined using X-ray diffraction (XRD). This
was carried out using a Brucker D2 Phaser benchtop X-ray diffractometer equipped
with a Cu-Kα X-ray gun and a Lynxeye
TM detector. The beam slit was 1 mm
wide, and the antiscatter plate was positioned 3 mm above the sample. SEM was
carried out using a Carl Zeiss Leo 1530 VP field emission gun scanning electron
microscope. Aperture size was 30 µm and the operating voltage was 5 kV. TEM
was conducted using a FEI Tecnai F20 field emission gun transmission electron
microscope equipped with a bright field detector, at an operating voltage of 200
kV. TEM samples were prepared by focussed ion beam milling using a dual beam
FEI Nova 600 Nanolab scanning electron microscope. A standard in-situ lift-out
method was used to prepare cross-sectional samples. A thin platinum cover layer
was deposited to define the sample surface and to homogenize the final sample
thinning. Samples were thinned to 75 nm. Compositional analysis was carried out
using a Thermo Scientific K-Alpha TM X-ray photoelectron spectrometer equipped
with a monochromated Al-Kα X-ray gun (hv = 1486.6 eV), an EX06 ion source,
and a 180◦ double focussing hemispherical 128 channel analyser. Measurements
were run at a base pressure of 3 x 10−7 mBar. The survey scan range was 0 to
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1350 eV, with a pass energy of 200 eV. Step size was 1 eV, and data were collected
over 10 scans, with 10 ms dwell time per step. High-resolution scans were run
with a pass energy of 50 eV. Step size was 0.1 eV, and data were collected over
5 scans with 50 ms dwell time per step. Samples were subjected to a 75 second
low power Ar+ etch (200 eV beam energy) prior to measurement so as to remove
any adventitious surface contamination. Peaks were identified and fitted using
the Thermo Advantage analysis suite, using Smart (a Shirley variant) background
subtraction.
6.1.2 Modelling details
All DFT calculations were performed using the Vienna Ab Initio Simulation Pack-
age (VASP) [143] within the projector augmented wave formalism [144, 145]. To
represent the electron density a plane wave basis with a cutoff energy of 500 eV
was used and the PBESol exchange and correlation functional was employed [146].
Amorphous structures were obtained by following a melting and quenching regime.
The starting point was a random configuration of the required stoichiometry in a
simulation cell set to a volume obtained by interpolation between the volumes of
the respective binary phases. The atoms in the random configuration were packed
according to cutoff ratios to avoid spurious interactions and their positions were
determined by the RandomGenerator package. The simulations were then run
for 20 ps at 3000 K, with a timestep of 2 ps. This resultant configuration was
then cooled by a simulated annealing procedure over 60 ps to 0 K. At 0 K the
structure was optimised for both ionic positions and cell volume. Finally the elec-
tronic structure of the systems obtained were calculated using the HSE06 hybrid
functional [147], the importance of accurate treatment of electron self-interaction
(which is achieved by partial inclusion of Hartree-Fock exchange ) has been shown
for amorphous oxides[148].
The resulting structures are also analysed using the R.I.N.G.S. package [149], to
identify bonding motifs and under-coordinated centers. These are particularly im-
portant in amorphous semiconductors as trap states [150, 151, 152, 153] unlike
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crystalline materials where point [154] and extended defects [155] tend to domi-
nate.
6.2 Results and discussion
6.2.1 Structural characteristics
XRD data show that all of the mixed oxide films are amorphous, with no peaks
present. Several samples were tested over longer timescales, with the same result
(Figure 6.1). TEM cross-sections also indicate that these materials are amorphous,
with no crystal structure being visible (Figure 6.1).
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Figure 6.1: (Upper) XRD patterns for films with different copper contents. (Lower)
TEM image of a Cu-Sn-O alloy film.
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SEM analysis showed that the films exhibit a significant number of surface struc-
tures and surface topology (Figure 6.2). Whilst the cause of this is not known,
it is possible that it is at least in part the result of small-scale phase separation.
Phase separation is a typically solid-state change caused by the dissimilar ions
(copper and tin in this instance) repelling each other, and has been observed in a
wide range of substances including naturally occurring materials (eg, [111]). Films
deposited at high temperatures (above 200 ◦C) were found to exhibit large-scale
phase separation which was visible without magnification (Figure 6.2). However,
for the samples studied herein the separation is minimal.
Figure 6.2: (Left) SEM photomicrographs of mixed copper tin oxide films. Films
have copper contents of 74 % (a), 63 % (b), 32 % (c) and 21 % (d). (Right)
Films deposited at 300 ◦C showing discolouration indicative of large-scale phase
separation. The scale is in centimetres.
6.2.2 Optical and electronic characterisation
It was found that addition of CuO to SnO2 caused a significant reduction in the
band gap of the resulting material. The shift in band gap with increasing copper
content was found to be non-linear (Figure 6.3). The addition of more oxygen to
the deposition environment was found to have no significant impact.
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Figure 6.3: Band gap against film copper content (as a percentage of total metal
content) for both oxygen deposition environments.
This is a phenomenon which has frequently been observed in other semiconductor
alloy systems such as (In,Ga)N and Ga(As,N) [110, 109]. The curve described by
this change in band gap can be described using a function known as the bowing
parameter, which is calculated using equation (6.1):
Egtot = xEg(A) + (1− x)Eg(C)− bx(1− x) (6.1)
Where Eg(A) and Eg(C) are the band gaps of the two end-member semiconduc-
tors, x is the proportion of semiconductor A that is present in the alloy and b is
the bowing parameter [109]. It was not possible to find a successful fit for the
experimentally acquired curve using the pure oxides as end member materials, but
by extrapolating the curve to the axes at either end of the sequence and using the
band gaps that this produced, it was possible to extract a bowing parameter of
-1.5 eV for this system. Other groups have indicated that this shift is most likely
to be a result of competition for charges between the two mismatched ions, in this
system copper and tin [156].
Contrary to the bandgap results, the averaged transmissions for each film did not
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show the same smooth change across the composition range. Instead, there is
a gradual decline in transmission with increasing copper content up to a critical
value of around 50 % of the total metal content, beyond which the transmission
drops rapidly (Figure 6.4).
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Figure 6.4: (Upper) Average transmission against film copper content (as a per-
centage of total metal content). (Lower) Film resistivity against film copper con-
tent (as a percentage of total metal content).
Resistivity was found to mirror the change shown by average transmission. Resis-
tivity is roughly constant with increasing copper content up to the same critical
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point of around 50 % of the total metal content, with further increases causing
an exponential reduction in the resistivity (Figure 6.4). Unfortunately it was not
possible to obtain reliable carrier concentration and mobility data due to the lim-
itations of the Hall system when measuring very low mobility materials.
6.2.3 Ab initio modelling
Besides the lack of known crystal structures of CuSnO ternary oxides these systems
were further tested for any stable hypothetical phases. This was achieved by
performing a global energy minimisation of several target stoichiometries using
the USPEX package. In all cases the absolute minimum structure returned was
amorphous and lacked any crystal symmetry. This confirms that these materials
are a form of highly mismatched alloy, similar to systems such as Ga(As,N) or
(In,Ga)As, and validates the application of bowing-parameter analysis of the trend
in the bandgap with composition.
Table 6.1: Results from the analysis of the DFT samples showing the Cu:Sn ratio
in each sample, the average metal to oxygen separation (where M is the dominant
metal cation), the average oxygen coordination number (〈Ocn〉), the dominant
contributor to the top of the valence states (VBM), standard deviation in the
Madelung potential at the Cu and Sn sites (∆VCu and ∆VSn ) (Courtesy of Keith
Butler)
Cu:Sn —M-O— 〈Ocn〉 VBM ∆VCu ∆VSn
0.27 2.8 3.42 Sn 0.4 1.0
0.48 2.8 3.36 Sn 0.4 1.0
1.65 2.5 3.54 Cu 0.3 0.9
2.67 2.5 3.67 Cu 0.6 0.9
Pair correlation functions (PCFs) of the various samples show average copper-
oxygen bond length was 2.5 Angstroms, whereas the average for tin-oxygen bonds
was 2.8 Angstroms. By integrating over the first peak of the PCFs it was possible
90
CHAPTER 6. COPPER TIN OXIDE
to obtain the average coordination number of various species present. This analysis
shows that increasing Cu content generally leads to increased oxygen coordination.
Under-coordinated species in amorphous semiconductors have been shown to be
the cause of sub-gap states [150, 157] and are also detrimental to charge carrier
lifetimes [152], therefore the enhanced coordination in Cu rich samples should lead
to decreased oxygen related sub-gap states.
Figure 6.5: Electronic structure results. Iso surface 1 × 10−3eA˚−3 (Courtesy of
Keith Butler)
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The species resolved density of states (PDOS) is shown in Figure 6.5. This demon-
strates the separation of the electronic structure of the samples into Cu rich and
Sn rich regions. The nature of the top of the valence states becomes dominated
by Cu character in the Cu rich region. An electron density iso-surface of the up-
permost state from Cu rich and Sn rich samples is also shown below the PDOS
plots, where the iso surface (in green) is predominantly located on the Sn ions in
the Sn rich sample (left) and predominantly on the Cu ions in the Cu rich sample
(right). In the samples which are Cu rich the edge of the density of states is far
steeper, however there are noticeable gap states, which are primarily associated
with un-occupied Cu d-orbitals. The presence of these gap states explains why
there is a sharp decrease in the transmission when Cu content is over 50 %, with
no observed sharp decrease in bandgap.
In order to further understand the abrupt change in conductivity when the Cu
content is greater than 50 % the DFT configurations were further analysed in terms
of disorder and fluctuations in the Madelung potential (which largely determines
the carrier energies in oxide systems [158]) disorder. The Madelung potential (VM)
is the electrostatic potential at an ionic site and in this instance is calculated by
integrating the Hartree potential (VH) over the ionic site
VM =
∫
V
VHdr (6.2)
which was performed using the MacroDensity package [159]. This enables extrac-
tion of the variation in the Madelung potential resolved by the difference ionic
sites, as presented in table 6.1.
The behaviour observed in the conductivity can then be analysed in terms of
an Anderson localisation percolation effect. The p-type conductivity takes place
between the cationic sites which define the top of the valence band, Sn sites in Sn
rich samples and Cu sites in Cu rich samples. Following the Anderson model if
there is energetic disorder in these sites then only a fraction of the sites are deemed
’favourable’ for conduction. If conduction is said not to occur if the difference in
potential between sites exceeds γV and the spread of the disorder is defined as W ,
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then the fraction of sites participating in conduction pathways is [160]
p ≈ 2γV
W
. (6.3)
From the point of view of the hole, therefore, there is a percolation problem and
the hole will be localised if p is less than a certain threshold. With regards to the
current case it can be seen from table 6.1 that the disorder in the Sn site Madelung
potential is more pronounced and a spread in potential of ≈ 1 or greater leads to
severely reduced conductivity. Therefore the mobility edge of the material can be
controlled by the composition and the nature of the band edges.
This compositional mobility edge explains the unusual simultaneous decrease in
resistivity and optical transmission. At the same point where the band edge be-
comes dominated by Cu states, which offer a percolation path through the material
for holes, the sub gap states associated with unfilled Cu orbitals also appear. If, as
seems likely, the sub-gap d-states are key to obtaining a low film resistivity [115]
then it is extremely unlikely that a p-type cupric oxide based material could be
synthesised which is simultaneously optically transparent and metallically conduc-
tive. Whilst this will not prevent the use of these materials in applications where
either transparency or high conductivity are important, it does significantly limit
their potential in situations where both are necessary.
Although the system under investigation would seem to contain central contra-
dictions precluding application as a transparent p-type conductor the principles
outlined from this study suggest further routes for the development of ternary
(and higher order) conductive p-type amorphous materials. In particular the exis-
tence of compositional edges for some properties (conductivity) and not for others
(bandgap) demonstrates the ability to control various properties at different lev-
els.
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6.3 Conclusions
This study provides a combined experimental and theoretical investigation of p-
type Cu-Sn ternary oxides. All alloy materials were found to be amorphous, and
no possible crystal structures could be identified. The band gap was found to
decrease gradually with increased copper content, and a bowing parameter of -1.5
eV was calculated. In contrast, both transmission and resistivity were found to
show little change at lower copper contents. There is a sharp transition as the
copper content reaches 50 %, with further increases causing dramatic reductions
in both resistivity and transmission. Density functional theory analysis indicates
that this transition occurs at the point at which the metal ion defining the valence
band edge switches from Sn to Cu. This results in reduced energetic disorder,
and hence an increase in the number of charge percolation pathways which causes
the decrease in resistivity. This tipping point is defined as the “compositional
mobility edge”. The simultaneous reduction in transmission is found to be a
result of the concurrent increase in unfilled Cu orbitals forming sub-gap states.
This implies that for Cu-based amorphous oxide alloys of this type it is unlikely
that low resistivity and high transmission are achievable.
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Copper Zinc Oxide
Zinc oxide (ZnO) is a commonly used wide band gap n-type semiconductor [161,
162]. In photovoltaics, it is typically used as a buffer layer in its intrinsic form or
as the transparent top contact when doped with aluminium [163, 164] . However,
in common with most other metal oxides it is challenging to make p-type ZnO
[161, 162]. P-type ZnO could have uses as a p-type transparent conductor and
as a back contact electron reflector layer, and could enable development of n-
type absorber layers by acting as a transparent donor layer in a heterojunction
device. It has also been suggested for use in other areas such as transparent
electronics, UV resistant materials and the synthesis of all-oxide UV lasers and
LEDs [162, 165, 166].
P-type ZnO has been synthesised using a wide range of dopants and doping tech-
niques [162, 165, 167, 168, 169]. The most successful results have largely been
obtained for nitrogen, which is in agreement with density functional theory (DFT)
calculations [161, 162]. Several groups have reported p-type ZnO doped with cop-
per (eg, [169, 170]).
Because the copper 3d subshell is energetically close to the oxygen 2p subshell,
it has the effect of spreading the valence band and reducing the hole localisation
effect typically exhibited by oxygen atoms in metal oxides. The result is a reduced
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hole effective mass, and hence increased hole mobility [24, 115]. However for TCOs
and other applications requiring optical transparency, the copper oxides are not
ideal because of their narrow band gaps [114, 171]. This means that despite their
p-type behaviour, their uses are somewhat limited. By mixing copper oxides with
other wider band gap metal oxides, it is possible to produce p-type materials with
increased band gaps. This study looks at the effects of co-sputtering ZnO with
cupric oxide (CuO).
7.1 Experimental details
CuO and ZnO were co-sputtered using an AJA International Orion 8HV sputter
coater. CuO was deposited using an AJA International 600 series RF power supply,
and ZnO was deposited using an Advanced Energy pulsed DC supply. Pressure
was maintained at 1 mTorr (0.133 Pa). Films were deposited at room temperature.
Argon flow rate was kept at 7 standard cubic centimetres per minute (SCCM) and
pure oxygen input was kept at 4 SCCM. ZnO power was varied from 105 W to
180 W, and CuO power was varied from 120 W to 60 W.
Film characterisation involved transmission measurements taken using a Cary Var-
ian 5000 spectrophotometer, Hall mobility measurements using an Ecopia HMS
3000 Hall system, thickness measurements using an Ambios XP2 stylus profilome-
ter and sheet resistance measurements using a four point probe. Film carrier type
was measured by exploiting the Seebeck effect using a multimeter with a heated
probe.
Structural characterisation involved TEM, XPS and XRD. TEM was carried out
using an FEI Tecnai F20 field emission gun transmission electron microscope
equipped with a bright field detector, and at an operating voltage of 200 kV. TEM
samples were prepared by focussed ion beam milling using a dual beam FEI Nova
600 Nanolab scanning electron microscope. A standard in-situ lift-out method was
used to prepare cross-sectional samples. A platinum over-layer was deposited to
define the sample surface and to homogenise the final sample thinning. Samples
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were thinned to 75 nm. XPS was carried out using a Thermo Scientific K-Alpha
X-ray photoelectron spectrometer equipped with an Al-Kα X-ray source. Samples
were etched for 60 seconds prior to analysis using a plasma etching ion source
(EX06 ion source). Peak fitting was carried out using the Thermo XPS analysis
software suite. XRD was performed using a Brucker D2 Phaser X-ray diffractome-
ter equipped with a Cu-Kα X-ray source. The beam slit was 1 mm wide and the
anti-scatter plate was positioned 3 mm above the sample.
7.2 Results and discussion
As copper content was increased the band gap was found to show a rapid reduction,
up to a copper content of around 25 % (as a percentage of total film metal content).
Further increases cause a slight increase in band gap, after which it decreases
again, but at a significantly lower rate. A second shift occurs at a copper content
of around 40 % (Figure 7.1).
Changes in band gap with increased copper content were expected to produce
either a straight line decrease, or a curve as shown by typical amorphous alloy
systems such as Ga(As,N) and (In,Ga)As [110, 140]. The change in band gap at
around 23 % copper content is mirrored in the XRD patterns, which for high zinc
content films show the characteristic sputtered ZnO XRD pattern with a single
prominent peak at a 2Θ angle of 34 ◦. As the copper content increases, this peak
is reduced, and disappears at copper contents above 23 %. Higher copper content
films instead show a single small, broad peak at a 2Θ angle of around 39 to 40 ◦. A
second change in crystal structure is seen as copper content is increased beyond 35
%. The single broad peak increases in size and two smaller secondary peaks begin
to emerge (Figure 7.2). As these changes coincide with the sudden variations in
band gap, it is clear that they are related.
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Figure 7.1: Band gap against film copper content (as a percentage of total metal
content)
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Figure 7.2: XRD patterns showing the change in crystal structure with decreasing
copper content. (Upper) Zinc-rich films show typical ZnO patterns. This changes
at around 22 %, becoming a single CuO peak. (Lower) As the copper content is
increased above 35 % of total metal content two alternative CuO peaks emerge
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Resistivity was found to decrease roughly exponentially with increasing copper
content, up to approximately 35 % copper (Figure 7.3).
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Figure 7.3: Resistivity against copper content as a percentage of total film metal
content
The precise cause of this is not known, but is thought to be a combination of
decreasing carrier concentration and increased hole effective mass with reduced
copper content. The copper 3d subshell reduces the hole effective mass because of
having a similar energy level to the oxygen 2p level that forms the valence band in
most metal oxides [25, 132]. This means that in copper-based oxides the valence
band has a greater spread and holes are less localised and thus able to move around
more freely. As copper content is reduced, this effect is gradually removed, hence
the resistivity increases. As copper content is increased above 35 %, there is a
large change in the resistivity, with films suddenly becoming significantly more
resistive. This is clearly related to the change in crystal structure at this point.
Why this particular change should have an effect yet the earlier (significantly
more pronounced) structural alteration should have no noticeable impact is not
known.
When tested using the Seebeck effect, all films apart from pure ZnO were found
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to show p-type behaviour. As with other p-type oxides, the mobility for all films
was too low to obtain reliable carrier concentration and mobility data using the
Hall device.
Overall, transmission was found to decrease with increasing copper content. The
general trend is the same as for band gap, with marked increases at copper contents
of 23 % and 35 %. It was thought that this trend might be influenced by the
position of the band gap for more copper-rich samples, but analysis of the average
near-infrared transmission produces the same trend. Average infrared transmission
was however typically found to be around 10 to 12 % higher than total average
transmission (Figure 7.4).
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Figure 7.4: Total and IR average transmission against copper content)
It is clear from these data that there is a strong correlation between crystal struc-
ture and optical and electrical properties. Whilst it could theoretically be co-
incidence, it is thought that the structural variation is the cause of the reported
changes as it has been observed in other materials (eg, [172, 173, 174]). This means
that the optical and electrical properties of crystalline mixed oxides can be tailored
by controlling both composition and crystal structure. As crystal structure and
the degree of crystallinity are affected by temperature as well as composition, it is
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recommended that this should be included as a variable in any future investigation
into this alloy system.
7.3 Conclusions
This study demonstrates that alloying ZnO with even a relatively small quantity
of CuO produces p-type behaviour.
Unlike other mixed metal oxide alloys, this range of materials shows crystalline
behaviour. Crystal structure was found to show two significant changes within
the range investigated, at copper contents of 23 % and 35 % (relative to the total
metal content). These changes were found to correspond to significant variations
in material band gap, and average transmission (both total and infrared) and the
latter change to a significant increase in resistivity. With the exception of these
variations, both band gap and resistivity decrease approximately linearly with
increased copper content.
These results imply that crystal structure has a profound impact on the optical and
electrical properties of the resulting film. It is therefore likely that these materials
can be tailored by controlling both composition and crystal structure.
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Modulation Doped Metal
Oxides
P-type metal oxides typically show significantly higher resistivities than n-type
equivalents [18, 24]. This is primarily a function of the typical band structure of
metal oxides, which results in high hole effective mass and therefore significantly
reduced mobility [24].
As regards n-type TCOs, significant decreases in resistivity appear to have plateaued
in recent years. The reason for this is unclear, but in general n-type films show
resistivities an order of magnitude higher than that shown by equivalent metal
films [175].
One suggested technique for resolving both of these problems is the use of multi-
layer stacks of very thin films, known as modulation doping [18, 164, 175]. This
exploits the ability of electrons and holes to tunnel between material layers if those
layers are small enough and in sufficiently close proximity [164, 175]. A modulation
doped film is formed by alternately stacking layers of a high carrier concentration
material with a high mobility material [164, 175]. Theoretically, this should result
in a bulk material with a carrier concentration of the same order of magnitude
as the high carrier concentration layers and a mobility similar to that of the high
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mobility layers. Although the concept has existed for some decades [164, 175, 176],
it has primarily been used in areas such as synthesis of high-mobility transistors
and quantum well lasers [176]. More recently there has been an increase in interest
in modulation doping of metal oxides for a range of possible uses including high
temperature tunable superconductivity, controlled variation of magnetic effects,
and construction of Mott insulators [177].
This study examines the effects of modulation doping on the electrical and optical
properties of p-type metal oxides with the aim of reducing the resistivity as far as
possible. The metal oxides chosen for study were tin monoxide (SnO) and sodium
doped cupric oxide (CuO). SnO was chosen because it has been shown to exhibit
good p-type mobility [118]. CuO was chosen on the basis of reasonable conductivity
observed in previous experiments, as reported in previous chapters.
8.1 Experimental details
Films were deposited by sequentially sputtering sodium doped cupric oxide (CuO)
and intrinsic tin monoxide (SnO) using an AJA International Orion 8 HV sputter
coater. CuO was deposited using an Advanced Energy MDX 500 DC power supply,
and SnO was deposited using an AJA International 600 series RF power supply.
Deposition pressure was maintained at 1 mTorr (0.133 Pa). Argon flow was kept at
7 standard cubic centimetres per minute (SCCM) for SnO and 2 SCCM for CuO. 8
SCCM of pure oxygen was used during CuO deposition. Film deposition rate was
calculated by depositing each material for an hour, measuring the thickness and
dividing the thickness by the time in seconds. SnO was found to have a deposition
rate of 0.118 nm/s, and CuO of 0.06 nm/s. The CuO film electrical properties
were measured to provide a resistivity benchmark.
Multilayer films consisting of 3, 6 and 12 layers of each material were produced (6,
12 and 24 total layers respectively). Layer thickness was reduced as the number of
layers increased, with films with 3 layers of each material having individual layer
thicknesses of 20 nm, 6 layer films having 10 nm layers and 12 layer films having
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5 nm layers. This kept total film thickness to 120 nm. A set of 12 layer films
was also produced with 2.5 nm layer thicknesses, and a total film thickness of 60
nm.
A second set of films were deposited with varying CuO layer thickness and constant
SnO layer thickness. SnO layers were kept to 2.5 nm, and CuO was deposited at
2.5 nm, 5 nm, 10 nm, 20 nm and 40 nm. These films contained 12, 12, 8, 4 and 3
layers respectively of each material.
Film characterisation involved measurement of transmission using a Cary Varian
5000 spectrophotometer, thickness measurements using an Ambios XP2 stylus
profilometer, Hall measurements using an Ecopia HMS 3000 Hall Mobility machine
and sheet resistance measurements using a four point probe. Film band gaps were
calculated using the transmission data. Structural measurements involved TEM
to examine the films in cross section and XRD to investigate crystallinity. TEM
was carried out using an FEI Tecnai F20 field emission gun transmission electron
microscope equipped with a bright field detector, at an operating voltage of 200 kV.
XRD was carried out using a Brucker D2 Phaser benchtop X-ray diffractometer
equipped with a Cu-Kα X-ray source and Lynxeye
TM detector. The beam slit
was 1 mm wide, and the anti-scatter plate was positioned 3 mm above the sample.
The CuO single layer control film and the 12 times 5 nm equal layer thickness film
were measured at Trinity College, Dublin using a Seebeck device to accurately
determine mobility and carrier concentration.
8.2 Results and discussion
The single layer CuO sample film was found to have a resistivity of 0.039 Ω.cm. As
with most other p-type metal oxides, it was not possible to measure the mobility
and carrier concentration accurately using the Hall machine.
TEM images of the films show that there is a layered structure as expected (Figure
8.1). Films were found to show a surprisingly high level of lateral continuity, with
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relatively few gaps. The sample used for TEM showed evidence of delamination,
which may be a result of severe lattice mismatch and stress within the film. No
other evidence of delamination was found to be visible however, and that observed
in these images may be a result of the TEM sample preparation process.
Figure 8.1: TEM photomicrographs of multilayered films. Individual layer thick-
ness is 5 nm. Insert shows a section of the sample under increased magnification.
8.2.1 Equal layer thickness films
It was found that resistivity dropped significantly with reducing layer thicknesses
(Figure 8.2). The films with thicker internal layers were found to display increased
resistivity when compared to the pure doped CuO control sample, although the
resistivities were still within the same order of magnitude. Films with layers of
5 and 2.5 nm were found to exhibit noticeably lower resistivities. This agrees
with the modulation doping theory, which indicates that layers of 5 nm or less are
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preferable [175].
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Figure 8.2: Film resistivity against individual layer thickness
That the film resistivity dropped below that of the control sample shows that
this technique works and suggest that, as expected, SnO has a higher mobility
than CuO. Unfortunately carrier concentration and mobility data obtained for the
5 nm layered film and single layer control sample are inconclusive. The control
sample shows a carrier concentration of 2.82x1022 /cm3 and a mobility of 5.7x10−3
cm2/V.s. The multilayer film has a similar carrier concentration, at 2.99x1022
/cm3, and has a mobility at 6.1x10−3 cm2/V.s. The increase in mobility is too
small to state unequivocally that this is the cause of the reduced resistivity in the
2.5 nm and 5 nm layered samples, particularly as the carrier concentration was
also found to show a minor increase. The scale of the carrier concentration in both
the layered and control samples is particularly surprising because it is an order of
magnitude greater than is typically observed in the best n-type TCOs such as ITO
(eg, [121, 178]). That these films show as low a resistivity as they do is clearly a
direct result of the sheer volume of electron holes present in the material.
Average transmission increased marginally with decreasing layer thickness (Figure
8.3). The reason for this is not known, but it may be an effect related to variation
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in the refractive indices of the two materials and a corresponding reduction in re-
flection (eg, [179, 180]). Interestingly, film band gaps remained relatively constant,
with a slight reduction with layer thicknesses of 5 nm or less (Figure 8.4). This
implies that the change in transmission is unlikely to be related to the material
band structure.
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Figure 8.3: Average transmission against individual layer thickness
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Figure 8.4: Band gap against individual layer thickness
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8.2.2 Films with variable CuO layer thickness
It was found that initial increases in CuO layer thickness produced a noticeable
reduction in resistivity. With increases in thickness beyond 10 nm however resis-
tivity showed a slight increase (Figure 8.5). A possible explanation for this increase
is that at layer thicknesses of more than 10 nm the distance between the higher
mobility SnO layers is too great, meaning that there is reduced carrier movement
from the CuO into the SnO. Equally, CuO layers of less than 10 nm may provide
fewer carriers.
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Figure 8.5: Resistivity against CuO layer thickness for unequal layer thickness
films
Transmission was found to show no obvious pattern other than that the films with
40 nm CuO layers showed somewhat reduced transmissions (Figure 8.6). Film
band gaps were all nearly identical at about 1.47 eV, with the exception of the
equal thickness 2.5 nm film, which had a slightly narrower band gap of 1.35 eV
(Figure 8.7).
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Figure 8.6: Average transmission against CuO layer thickness for unequal layer
thickness films
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Figure 8.7: Band gap against CuO layer thickness for unequal layer thickness films
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8.3 Conclusions
The results presented in this preliminary study demonstrate that modulation dop-
ing is an effective technique for reducing the resistivity of p-type metal oxides.
TEM analysis demonstrates that these films consist of thin multilayer stacks, and
that the layered structure is both remarkably consistent in thickness and shows
good long range lateral stability. There are however some unresolved concerns
regarding film delamination.
Resistivity was found to drop from 3.9x10−2 Ω.cm for the single layer control sam-
ple to a low of 2.88x10−2 Ω.cm for films with equal layer thickness. By keeping
SnO layers constant at 2.5 nm and increasing CuO layer thickness to 10 nm, resis-
tivity was reduced further to a minimum of 2.46x10−2 Ω.cm. Further increases in
CuO layer thickness were found to increase the resistivity. Selected sample anal-
ysis using the Seebeck effect was inconclusive regarding the cause of the reduced
resistivity, but showed that both single layer and multilayer films have an astonish-
ingly high carrier concentration of nearly 3x1022 /cm3. This is offset by mobilities
of around 5 to 6x10−3 cm2/V.s. Film band gaps and transmission were found to
be approximately constant at 40 to 60 % and 1.35 to 1.45 eV respectively.
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Conclusions
Metal oxides are a very important class of materials with a wide range of techno-
logical applications, and are widely used in thin film photovoltaics. Despite the
abundant published data however there is still a lot that is either not known or is
poorly understood. In particular there are two areas that would benefit from fur-
ther research. These are the identification and development of ways in which the
hole localisation effect of oxygen can be countered so as to provide good mobility
in p-type oxides, and exploration of techniques to further optimise and reduce the
resistivity of n-type TCOs without adversely affecting the transmission. Identi-
fying techniques for increasing hole mobility could have profound implications in
terms of both the development of high quality low resistivity p-type TCOs and
in the realisation of all-oxide solar cells with a reasonable efficiency. Further re-
ductions in the resistivity of n-type TCOs would provide gains in all areas of use,
and in photovoltaic applications could both increase current collection efficiency
and remove the need for metal bus-bars, thereby increasing the total cell efficiency
as areas of the cell would no longer be shaded. A series of studies are presented
in this work which provide a useful basis for continuation of research into these
areas.
AZO is a well-known n-type TCO and alternative to ITO consisting entirely of
Earth-abundant materials. The study presented here examines the impact of tem-
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perature and deposition time on the optical, electrical and structural properties
of sputtered AZO with 0.5 % aluminium doping. The targets were synthesised
using AZO powder formed through an emulsion detonation process developed by
the Portuguese company Innovnano S.A. Unlike many commercial targets, this
material is pre-doped, with the aluminium incorporated into the crystal structure
prior to target manufacture. Films were found to show good optical transmission,
and resistivity was found to decrease with both deposition time and increasing
temperature up to 300 ◦C. Temperatures above 300 ◦C were found to be detrimen-
tal to film formation, with increasing amounts of damage to the crystal structure
and consequent increases in the resistivity.
Several photovoltaic technologies, and particularly CdTe cells, have significant
problems with formation of ohmic back contacts. In the case of CdTe this is be-
cause of the relatively large electron affinity, which when added to the band gap
gives a work function of 5.9 eV. It has generally been assumed that in order to
prevent the formation of a Schottky barrier, a high work function material is re-
quired to form the back contact. Molybdenum oxide is known to have been used
successfully. The resistivity of the pure oxide is typically very high, potentially
resulting in an increase in the cell series resistance and hence reduced efficiency.
The study presented here investigates the effect of alloying molybdenum oxide
with molybdenum nitride through reactive sputtering in a mixed oxygen-nitrogen
atmosphere. Unexpectedly, all mixed films were found to show p-type behaviour.
Films deposited on glass showed high levels of stress, with significant delamination
often visible to the naked eye. This is a result of the lattice mismatch between
the alloy and the amorphous glass substrate. Resistivity was found to improve
with increased nitrogen content, in contrast to optical transmission, which re-
duced with increasing nitrogen. A selection of compositions was deposited onto
CdTe cells as back contacts. These cells showed an increase in efficiency with
increasing nitrogen content, which was contrary to expectations. UPS conducted
by the Stephenson Laboratory at Liverpool University showed that as expected
work function increased with increasing oxygen content, but that all work func-
tions were low. Resistivity was found to correlate strongly with efficiency, which
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showed a significant increase as resistivity dropped. I-V data showed that the key
parameter was cell voltage, which increased significantly with reduced resistivity.
This indicates that at least for p-type materials, work function may not be as im-
portant as resistivity. All but one cell showed the roll-over effect characteristic of
Schottky barrier formation however. It is recommended that further work should
include investigation into the effects of pure molybdenum nitride as a back contact
material as well as other high-conductivity p-type materials.
The development of p-type oxides requires the use of metals which are capable of
hybridising the oxygen p-orbitals that make up the valence band in a typical metal
oxide. Both experimental and theoretical studies have shown that copper d-states
have this ability. The copper oxides however both have relatively narrow band
gaps, limiting their uses as TCOs. Cupric oxide (CuO) in particular has a near-
ideal band gap for use as a photoabsorber (eg, [181]). A series of investigations were
undertaken involving studying the behaviour of intrinsic and sodium-doped CuO,
and examining the effects of alloying with other wider band gap materials. Finally,
a preliminary study into increasing the mobility through modulation doping was
carried out.
It was found that temperature and deposition environment both play an important
part in determining the properties of CuO films, with low temperatures and high
oxygen partial pressures producing the lowest resistivities, but higher temperatures
and reduced oxygen resulting in improved structure. The band gap was found to
be highly susceptible to variation in oxygen partial pressure, with high oxygen
contents causing an increase from 0.8 to 1.42 eV. Sodium doping was found to
reduce the resistivity by up to four orders of magnitude as compared to equivalent
intrinsic films. High oxygen content sodium-doped films were found to have carrier
concentrations two orders of magnitude higher than that typically shown by ITO.
Mobility however was found to be very low, at around 10−3 to 10−4 cm2/V.s.
Combining CuO with tin dioxide (SnO2) was found to have a profound impact
on film properties. These materials were identified as a new suite of highly mis-
matched alloys, and DFT simulation indicated that no crystal structure was possi-
113
CHAPTER 9. CONCLUSIONS
ble. The band gap was found to decrease with increasing copper content, showing
a curve of the type demonstrated by other mismatched alloy systems such as
Ga(As,N) or (In,Ga)As. Resistivity and average transmission however showed lit-
tle change up to a copper content of 50 %. Further increases in copper caused a
dramatic reduction in both. DFT analysis showed that this is caused by a sud-
den shift from a tin-dominated character to copper domination. The resistivity
decrease is caused by a greater degree of valence band hybridisation and a si-
multaneous increase in the number of charge percolation pathways resulting from
significant reduction in the energetic disorder. A concurrent increase in the number
of sub-gap states resulting from unfilled copper d-states is the cause of the reduced
transmission. This sudden change in character is referred to as a compositional
mobility edge. The link between valence band hybridisation, reduced disorder and
increased sub-gap states implies that synthesising a CuO-based amorphous mate-
rial which is both transparent and conductive is likely to be very difficult, perhaps
even impossible. The principles developed in this study however could readily be
applied to other p-type mixed oxide materials, and could provide a route for the
development of new p-type TCOs. The identification of the compositional mobility
edge in particular shows that varying the material parameters can have dramatic
effects on certain properties whilst having minimal impact on others.
Alloys of CuO with zinc oxide (ZnO) were found to show very different behaviour
from CuO-SnO2. All films were found to be crystalline, with zinc-rich films showing
the typical XRD pattern of sputtered ZnO. Increased copper content caused a
sudden shift in structure to a single broad CuO peak. Further increases resulted in
a second structural change, with two other CuO peaks appearing. These variations
in structure were found to have a dramatic effect on the optical and electrical
properties, with both shifts causing a significant increase in both transmission and
band gap. The second change resulted in a dramatic increase in resistivity, but
the first showed no significant impact. Ignoring the structurally induced shifts,
the general trend for resistivity, band gap and transmission is for a decrease with
increasing copper content. It is clear from this study that for crystalline films,
the precise crystal structure has a highly significant impact on the optical and
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electrical properties. As with the observed compositional mobility edge for the
Cu-Sn-O sequence, this implies that careful control of the composition can be
used to tailor the various material properties to obtain the optimum balance for a
given application.
The final study into copper-based oxide materials involved the use of modulation
doping in an attempt to increase the film mobility. It was found that reducing the
individual layer thickness reduced the resistivity significantly, with films made up
of layers of less than 5 nm thickness showing the best resistivities, down to a low
of 2.88 x 10−2 Ω.cm. Films with unequal layer thicknesses were found to perform
even better, with films made up of 2.5 nm SnO2 and 10 nm CuO layers giving
the best resistivities at 2.46 x 10−2 Ω.cm. This demonstrates that the technique
provides a successful approach to reducing resistivity.
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